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INTRODUCTION
In previous work on the toxicities of ceratin substances
to goldfish, the writer found that their physiological activit-
ies with few exceptions follow a general law. The following
investigation was undertaken to determine the effect of temper-
ature upon this general law and to correlate this effect with
the physiology of the organism. Methods for the study of the
deleterious effect of environmental factors are also suggested.
This work was carried on in the Zoological Laboratory of
the University of Illinois under the direction of Professor
Victor E. Shelford whom the writer wishes to thank for his many
courtesies and helpful suggestions throughout the course of the
investigation.
METHODS AND MATERIAL
All experiments were carried on at a temperature vary-
ing not more than a maximum of 0.2 to 0.3 of a degree centigrade
This almost uniform temperature was made possible by the use of
a Johnson thermostat. The constant temperature apparatus con-
sisted of an Alberene stone aquarium 183 cm. by 44.5 cm. by
34.5 cm. deep outside measurements, in which the water was 15
cm. deep into which vessels containing the solutions and fish
were set. The temperature of the bath was regulated by the
Johnson hot water thermostat placed at the center. It control-
led the fldws of hot and cold water which entered the tank at
the end opposite the outlet. The temperature of the bath was

recorded by a Tycos recording thermometer (See Figure it
was kept uniform throughout "by agitating the water with small
widely dispersed bubbles of air. When the flow of water was
large (2 liters per min. ) there was a variation of from 0.8 to
0.9 of a degree centigrade with three or more ascillations per
ten minutes. With a very small inflow of water these oscillations
were fewer and less in range and disappeared almost entirely and
the temperature at the center of the tank became practically
uniform (See Figure 1 A to B and C to D and for uniform temper-
ature see E to F.). The difference in the temperature of the
water at the two ends of the tank was very slight as was shown
by readings taken from time to time.
The fish used in the experiments were kept in running
water at a temperature of from 18 to 20 C. The goldfish were
bought of a local dealer and the wild fish were obtained from
small streams near by. The mortality of the wild fish was very
slight following the second day after they were brought into the
laboratory. These fish were not used in the experiments until
after the mortality of the stock had ceased and were not used
after having been kept in the laboratory two or three weeks.
In the experiments the fish were tested In 1500 cc. of a solu-
tion-contained in a two quart Mason jar which was kept closed with
a rubber stopper. The experimental jars were kept in the con-
stant temperature tank and the survival time of each fish re-
corded.
Distilled water was used in all experiments. This was
prepared by condensing steam from a hot water tank of reboiled
water. The condenser tube was made of Jena glass tubing. The
water as collected from the condenser was strongly acid due to

the presence of an excess of carbon dioxide. After aerating with
carbon dioxide free air for twenty four hours the water was found
by analysis to contain:
-
Physical examination.
Turbidity - - -
Color -------5
Odor - - - --2V
Residue on evaporation.
-
Total solids - - - 32 to 42 parts per million.
Alkalinity as calcium carbonate.
Methyl orange - - to parts per million.
Chlorides.
As sodium chloride- 9 to parts per million.
Ammonia nitrogen ----- 4 to 7 parts per million.
Albuminoid ammonia - - -0.06 to 0.102 parts per million.
This water was not rapidly fatal to fish. Two goldfish
( Carassius carassius L.) lived ninety-five and ninety-nine days
and six blunt-nosed minnows (Pfrrnephales notatus Raf
. ) livert
eleven, twelve, thirteen, fifteen, thirty, and thirty-two days
respectfully in the distilled water. Two other blunt-
nosed minnows jumped out of the water, one after seventeen days
and the other after thirty-three days. The water was changed
every seven days. This special water was used since it had been
found that goldfish would live only from three hundred and
fifty-two to five hundred and ninety-seven minutes in ordinary
distilled water (Powers 1918).

EXPERIMENTAL DATA
It has "been shown in previous work with goldfish that,
when an individual is killed in a toxic substance, including
acids, salts, alcohols, pyridine, caffeine, and phenol, the
survival time of the goldfish is not directly proportional to
the concentration of the substance used, but there is a uniform
deviation from this relation which is common to all substances
thus far tested with the exception of the chlorides of some of
the heavier metals. Experiments were run with goldfish with
lithium chloride and the blunt-nosed minnow and the straw-color-
ed minnow (Notropis blennius Gir.) with the chlorides of ammoni-
um, sodium, magnesium, calcium, and barium to determine the ef-
fect of temperature upon the toxicities of these salts. From
these experiments it was hoped to determine the effect of tem-
perature upon the deleterious results of any toxic substance
which might appear in the habitat of the fish either as a natural
environmental factor or as a contamination.
Experiments were run with the goldfish to determine the
relative toxic activities of lithium chloride at 4° 11.8^ 15. 3?
20°, 24.9°, 29,8° and 34. 8° C. The results of these experiments
are given in Table I. In all tables the velocity of fatality
which represents the rapidity with which the fish were killed
is the reciprocal of the survival time. One hundred over the
survival time is used instead of one over the survival time to
avoid the use of fractions. The relative conductance was de-
termined with a Washburn conductivity cell modified especially
for this work and a Wheatstone bridge. A telephone receiver
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with a fundamental vibration of 1000 per second was used instead
of a galvanometer. The alternating current was generated by
a small Leeds and Northrup high frequency generator driven by
two storage batteries and regulated to produce 1000 alterna-
tions per second. Table IT gives the ratio of increase in tox-
icity of the lithium chloride at concentrations from 0.946 N.
to 0.48S N. for an increase of approximately ten degrees cen-
tigrade as measured by the actual survival time of the fish in
any one concentration at the two temperatures. Tables III to
VI give the survival time and the velocity of fatality of the
blunt-nosed minnow in different concentrations of sodium chlor-
ide, magnesium chloride, calcium chloride, and barium chloride
at 12.
8
° 17.8,° 22.8* 27.8? and 32.
8
0. The relative conduct-
ance is given in column five of the tables for each of the salts
at the different temperatures. Table VII gives the ratio of
increase in toxicity of the different concentrations of each
of the four salts tested. for an approximate rise of ten degrees
centigrade. Table VIII is a summary of the relative conduct-
ance of sodium chloride, magnesium chloride, calcium chloride,
Y *
and barium chloride for comparison. Tables IX and XIII give
the survival time and the velocity of fatality of the blunt-
nosed minnow and the straw-colored minnow in different concen-
trations of ammonium chloride. Tables XVIIT and XIX shov; the
antagonism of calcium chloride to sodium chloride and vice versa.
All figures are graphic representations of data given the tables. V*
In all cases the circles (•) and the plus signs (+) represent
actual experimental data or calculations made from actual ex-
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perimental data.
TOXICITY AND THE MEASUREMENT OF TOXICITY
Toxicity has been variously defined "by different workers.
A common definition is that any agent which, when introduced into
the animal organism, is capable of producing a morbid, noxous,
or deadly effect upon it, is said to be toxic. For the purpose
of this paper toxicity will be taken to mean the effect of any
agent which occurs in the habitat of the fish either as a nat-
ural environmental factor or as a pollution^ the presence of
which causes the death of the fish or interfears adversely in
any way with its reproduction, development, or growth. Up to
the present but very little work has been done in determining in
a quantitative way the toxicity of naturally occuring and pol-
lution substances. Shelford (1917) has determined the toxicities
of a number of the coal tars and the coal tar wastes to certain
species of fish by using the one hour survival time as a criterion.
Wells has made a quantitative study of a number of species of
fish to carbon dioxide, lack of oxygen (1913), salts (1915a),
and carbon monoxide (1918).
On a previous occasion experiments were performed to de-
termine the efficiency of the goldfish as a test animal in physi-
ological assay work (Powers 1918). In this work it was found
that the toxic activity of a substance hares a very definite re-
lation to its concentration. It was found that as the concen-
tration of a substance was increased, beginning with a very
dilute solution, a concentration was found that would just kill
the fish. This concentration was designated as the threshold
of toxicity concentration. As the concentration was increased
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from this point the velocity of fatality, which is the recipro-
cal of the survival time, increased at first very slowly. This
was followed by a more rapid increase and in turn, at higher
concentrations, by a less rapid increase. There is evidence
that, at still higher concentrations there was again a more rapid
increase in velocity of fatality. In other words the ratio of
increase in toxicity with a given increase in concentration of
a solution as measured by the survival time of the fish decreas-
es as the concentration is increased. This decrease in the ratio
of increase in toxicity for any given increase in the concen-
tration of the substance tested is more than sufficient to
allow for a constant ratio of increase in toxicity for a given
per cent of increase in concentration of the toxic substance.
Thus a sigmoid curve is formed when the velocity of fatality is
plotted as ordinate and t-he concentration of the substance; test-
ed is plotted as abscissa. See curve, CABG, Figure 2. This curve
is taken as a representative of the typical form of curve given
by all substances tested both in this and subsequent work with
the exceptions of cupric chloride, cadmium chloride, and fer-
ric chloride. The deviation of the velocity of fatality curves
of these three salts from the normal, was explained in a pre-
vious wotk (Powers 1018). From a study of the curve CABG,
Figure 2, it is seen at very low concentrations (0.0055 N.
to 0.027 N.) of the ammonium chloride, i.e., C to A of the
curve, the velocity of fatality curve rises very slowly with
increase in concentration of the ammonium chloride. This is
seen more plainly by an inspection of Tables IX and XIII. Columns
three of these tables show a fall of survival time and columns
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four the increase in the velocity of fatality with increase in
concentration of the ammonium chloride. The slant of the vel-
ocity of fatality curve CABG, Figure 2, shows the rapidity of
the increase of the velocity of fatality with the increase in
concentration of the ammonium chloride. At first the upward
curvature of the velocity of fatality curve is very small as com-
pared to the increment in concentration of the ammonium chloride.
As the concentration increases there is a more rapid upward cur-
vature which finally approaches a straight line. From this por-
tion, i.e., the portion A to B, the upward curvature becomes
less and the velocity of fatality curve becomes concave down-
ward. When finally at very high concentrations there is again
a second phase at which the upward curvature is increased. This
last point is shown in the velocity of fatality curve of the
straw-colored minnow killed in ammonium chloride at 19 ,S a C . (.Fiff . 3 )
and Table XIII, since experiments were run over a much wider range
of concentrations than in the other series of experiments. The
velocity of fatality curve, Figure 3, is a graphic representa-
tion of the data of Table XIV. From this figure it is seen
that the velocity of fatality curve approximates a straight
line at 0.015 N. to 0.03 N. This is followed by a concave down-
ward curvature from 0.03 N. to about 0.05 N. which is finally
followed by a concave upward curvature from about 0.05 N. to
0.6 N. This last point has not been proven for all substances
tested but there is evidence that it holds good for all sub-
stances that follow this same general law as these two curves are
abl
compare to the curves of all toxic substances tested with fish

with the exception of the chlorides of certain of the heavier
metals and conforms very strikingly with the equation, =
MK2 -f- K tX
Y = jj| KoMz i * wnich was formulated from the theoryloge(flFz+K^M-z )'?)
of toxicity and when plotted gives a similar curve.
It is interesting on connection with this theory of tox-
icity that Hewitt (1907) and others have suggested that anaesthe-
sia is due to the lowering of the oxygen consumption. The cause
of this lowering of the oxygen consumption has been variously ex-
plained "by different workers. Burge (1917) has shown that the
catalase of the blood of the dog and cat is lowered as the oxy-
consumpt ion
genAis lowered. Burge, Neill, and Ashman have also shown (1918)
that the catalase is both destroyed in the blood and that its
formation is inhibited by certain anaesthetics including chloro-
form, ether, and magnesium sulphate. The above equation was an
attempt at an expression of the rate at which this combined action
or similar combined actions of other protoplasmic poisons takes
place. The expression is the result of the combination of two
equations which: represent the two actions which are taking place
dz
in the body of the animal. 1. the equation = K-jz(M-z) was
taken to represent the speed at which the rate of metabolism
is reduced by the inhibition of the formation of some essential
metabolic product. M = rate of metabolism or the rate at which
any essential metabolic product is formed. z = the amount of
reduction of the rate of metabolism or the amount of the reduc-
tion of the rate of formation of any essential metabolic pro-
duct. K-l = a constant which represents the efficiency of the
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reduced rate of metabolism in inhibiting metabolic processes or
the efficiency of the reduced rate of the formation of any es-
sential metabolic product in further slowing the rate of produc-
tion of the essential metabolic product by slowing the rate of
metabolic processes. Rahn (1916) has suggested that the enzymes
of the cell are formed and destroyed probably at the same rate
thus keeping the total amount of enzyme in the cell constant.
This of course would be true only when the metabolic processes
are uniform over a period of time. This is probably true of
other essential metabolic products. Thus M would then represent
the total amount of any essential metabolic product under normal
and uniform conditions. For example with an animal killed with
an anaesthetic such as chloroform, ether, or magnesium sulphate
M would represent the total amount of catalase in the blood of
an animal under normal conditions, z would represent the amount
of catalase reduced by lowering the rate of production of catal-
ase by the tissues of the animal which is brought about by the
slowing down of the metabolic processes, i.e., it is autolytic.
dz
, x
2. The equation ^ = K^X(M-z) was taken to represent the speed
of inhibiting the rate of metabolism or the rate of the destruc-
tion of the essential metabolic product present in the body of
the organism. X = the protoplasmic poison. E-j = the efficiency
of the protoplasmic poison in reducing the rate of metabolism or
in destroying the essential metabolic product. With an< animal
anaesthetized with chloroform, ether, or magnesium the equation
would represent the rate of destruction of the catalase already
present in the blood of the animal. When these two equations
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which represent the two actions which are taking place simultan-
eously are combined and integrated it gives the sxpression which
poi sons
was taken as representing the rate of fatality of protoplasmic A
In all the velocity of fatality curves studied there is a
portion (A to B, Figure 2.) which approaches a straight line,
and in a criterion for the measure of toxicity can he considered
as a straight line. AB when extended as a straight line cuts
the X-axis at the point P. The concentration of aunr-onium chloride
represented on the scale of the graph by the point P has been
designated as the theoretical threshold of toxicity concentration.
And the line PABF has heen designated as the theoretical velocity
of fatality curve. Thws the slope of the theoretical velocity
of fatality curve or the angle B (Figure 2.) can he taken to
represent the rapidity with which the rate of velocity of fatal-
ity increases with the increase in the concentration of the tox-
ic substance. The theoretical threshold of toxicity concentra-
tion and the rate of increase in velocity of fatality are the
reciprocal of each other, i.e., as the theoretical toxicity
concentration increases the toxic activity of the substance can
he said to decrease. And when the rate of increase of velocity
of fatality increases the toxic activity can he said to increase.
\f tan~0
~
An expression^ (toxicity) = jf a which takes both these fact-
prs into consideration has been formulated (Powers 1918) to ex-
press the relative toxicities of substances. Perhaps a better
and more simple expression for the relative toxicity is the equa-
tion of the theoretical velocity of fatality curve itself which
is the equation of a straight line. That is, x^a" = K. y = the

velocity of fatality, x = the concentration of the solution test-
ed, a = the theoretical threshold of toxicity concentration.
And K = a constant which can he taken to represent the relative
toxicity of the substance. This equation which is more conven-
ient than the above expression represents the same thing. The
theoretical basis for the validity of the use of the equation
will be discussed later.
The equation can be utilized to determine the relative
toxicities of two substances or it can be used in the determin-
ation of the relative resistances of two different species of
fish to injurious substances . when corrections are made for dif-
ferences of temperature at which experiments are run. It is the
absence \sorae such criterion or basis for comparison which has
lead to confusion in the results of the determinations of the
relative resistance of fish. Wells (1918) has determined the
seasonal variation in the resistance of the rock bass (Amblo-
taking temperature into consideration.
THE EFFECT OF TEMPERATURE ON THE TOXICITY OF DELETERc-
IOUS SUBSTANCES TO FISH
a. The Effect of Temperature on the Toxicity of Lithium Chlor-
ide to Goldfish
A series of experiments were run to determine the effect
of temperature toxic ' activity of lithium chloride to a one to
two gram goldfish. The toxicity of the lithium chloride was
tested at *°, 11.8° 15.3? 20° 24.9* 29.8", and 34.8° C. As is
seen from Table T the toxicity of the lithium chloride increases
plites rupestris Raf.) to lack of oxygen apparently without

With a rise of temperature. From Table II it is seen that when
the actual survival time of the goldfish or the velocity of fat-
ality is taken as a criterion for toxic activity that the ratio
of increase of toxicity for each approximate rise of ten degrees
centigrade gradually increases from the lowest temperature to
the highest temperature tested. This is what would he expected
from the effect of temperature on biological reactions. The re-
lation of the temperature quotient or van't Hoff f s rule will be
discussed later, uhild (1013) has showr Planaria with a
higher rate cf metabolism are less resistant than those with a
lower rate of metabolism to toxic substances sufficiently strong
to kill them before acclimation has had time to take place, i.e.,
the higher the rate of metabolism the greater the velocity of
fatality. This is not only true in the case of Planaria but it
has been found generally true of fish. The younger (smaller)
fish of a species have been found in general to have less resis-
tance to toxic substances than the older (larger) individuals
(Wells 1913, Shelford 1017, and Powers 1018). The effect of the
volume of the fish on its resistance to toxic substances is not
known. This has never been satisfactorily worked out.
There is an increase in the velocity of fatality of the
fish .in toxic substances at higher temperatures . due to the in-
creased rate of metabolism at the higher temperatures. But in
addition to this there should be an increase in the velocity of
fatality of the fish due to the increased activity of the toxic
substance itself at the higher temperatures. Snyder (1008, 1011)
has collected and sumrarizcd data showing the effect of temper-
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ature on the rate of increase of biological reactions sucli as
the nerve conduction of the sciatic of the frog, respiration of
larvae of the dragon-fly, coagulation, etc. Loeb and Ewald
(1913) on the development of Fundulus embryos, Laurens (1914)
on the development of Amblystoma embryos, Woodruff and Baitsell
{1911) on the rate of reproduction of Paramaecium, Xrogh (1914,
1914a) on the rate of development of eggs and larvae of fish and
frogs and the eggs and pupae of insects, Osterhout (1917) on bio-
logical reactions in general, Loeb an Northrop (1917) on the in-
fluence of temperature on the length of duration of the larval,
pupal, and adult stages and the total duration of life of the
fruit-fly, Drosophila, and other investigators have worked along
the same lines. When the data of these workers are examined
it is found that the relative effect of temperature decreases
from the lower temperatures to the higher temperatures. In
all vital phenomena a temperature will be reached where the
rate of normal metabolic reactions will be retarded instead of
increased and finally will be stopped altogether. As has been
pointed out the ratio of increase of toxicity of the lithium chlor-
ide to the goldfish for a rise of ten degrees centigrade increases
from the lower to the higher temperatures. This is the opposite
to that of biological reactions in general. This however is what
would be expected. That is, the velocity of fatality increases
with rise in the initial rate of metabolism of the individual fish.
And the relative effect of temperature in producing an increase in
the rate of metabolism is lessened with a rise in temperature.
And the effect of temperature on the chemical activity of a sub-
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stance is more nearly constant, there "being only a slight retard-
ation in the effect of the temperature at the higher temperatures.
Since the toxic value of a substance is dependent both on the
rate of metabolism of the fish and the activity of the substance
itself it would fce expected that the effect of temperature on
the toxicity of a deleterious substance would be the resultant
of the effect on the rate of metabolism and the chemical activity
of the substance itself. This is what has actually been found
in the case of the effect of temperature on the velocity of fat-
ality of goldfish when killed with lithium chloride. That is,
the ratio of increase in velocity of fatality should always de-
crease less rapidly than the ratio of the relative effect of
temperature on the rate of metabolism. And in some cases at
least there should even he a rise in the ratio ofl the increase
of the velocity of fatality. In no case would there ever be
a decrease in the actual velocity of fatality at the higher
temperatures as is actually the case with certain other biolog-
ical reactions. This has been shown by Loeh and Northrop (1917)
for the duration of life of the fruit-fly and hy Groves (1917)
for the duration of life for seed. The same was found true by
lillie (1917) for the activation of the starfish eggs with butyr-
ic acid.
b. The Effect of Temperature on the Toxicity of Sodium Chloride,
Magnesium Chloride, Calcium Chloride, and Barium Chloride to Fish.
Experiments were run to determine the effect of tempera-
ture on the toxicity of certain of the environmantal salts.
The salts chosen for this purpose were sodium chloride, magnesium
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chloride, calcium chloride, and "barium chloride. Experiments
were run with very low concentrations (0.025 N.) to very high
concentrations (0.333 N.) of these salts with the blunt-nosed
minnow with temperatures at 12.8? 17.8* 22.8* 27.8* and 32.8" C.
Tables III to VI give the effect of rise of temperature on the
resistance of the fish to these salts. Table VII shows the ratio
of increase in toxicity with ten degrees increase in temperature
of each of the four salts to the blunt-nosed minnow when the
actual survival time or the velocity of fatality of the fish is
taken as a criterion. When 0.227 N. Calcium chloride with a
ratio of 9.67 for 12.8° to 22.8° C, 0.025 N. magnesium chloride
with a ratio of 9.56 and 0.05 N. magnesium chloride with a ratio
of 17.75 for 17.8° to 27.8° C, and 0.1 N. magnesium chloride
with a ratio of 93.6 for 12.8° to 22.8° C. all af which are much
larger than the ratios of the same column, are dropped from the
averages it is seen that the ratio of increase in toxicity of
each salt increases from the lower to the higher temperatures.
c. The Effect of Temperature on the Toxicity of Ammonium
Chloride to Fish.
Experiments were run to show the effect of temperature
on the resistance of fish to ammonium chloride. The results of
these experiments are shown in Tables IX to XIII. The velocity
of fatality was increased with rise in temperature with the same
relative ratio as was the velocity of fatality of the goldfish
with lithium chloride. The results of these experiments will
be further discussed in connection with the van't Hoff rule and
determination of the relative threshold of toxicity concentrations
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of deleterious substances.
d. The Relation of the Effect of Temperature on the Toxicity
of Salts to Fish and van't Hoff *s Rule.
Work that has been done on the influence of temperature
on the reaction velocity of metabolic processes (Hill, Moore,
Macleod, Pembrey, and Beddard 1908) has shown two distinct ef-
fects, one upon the central nervous system causing variations
in the functional activity of the organs, these in turn influence
the metabolic processes andithe other on the tissues themselves
influencing the rate of metabolic processes. In warm blooded
animals low temperature stimulates the nerves which results in
an increased metabolism and a rise in temperature results in a
decrease in the rate of metabolism. In cold blooded animals the
action of the nerves themselves like the other organs of the
animal is under the influence of temperature. Thus the metabol-
ic processes are almost invariably increased with a rise of temp-
erature and decreased with a lowering of temperature. An except-
ion to this rule has been found however in the case of the honey-
bee clusters in winter (Philips and Demuth 1914). It has been
found with cold blooded animals that the ratio of increase in
rate of metabolism for each rise of ten degrees centigrade as
measured by oxygen consumption and carbon dioxide evolved and
biological reactions in general approximates very closely two
to three within certain temperature limits. This has been taken
as proof that chemical dynamics hold within the animal organism,
^his view is held with greater confidence since it is known that
the rule of van't Hoff is an empirical expression of the influence
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of temperature upon chemical processes. There is generally a
slight decrease in the Q^o of purely chemical processes with
I
T 1"*T2
rise in temperature. Arrhenius* formula ^1 - J* TjT2 has
v2
"been taken as expressing more nearly the truth where is the
velocity of the process at the absolute temperature H\ and q is
the molecular heat of reaction. This formula has been very suc-
cessfully applied to a number of reactions of a chemico-physical
nature, i.e., haemolytic actions of alkalies, acids, bacterial
poisons, and snake venoms, the weakening at high temperatures of
a number of antibodies, and the combination of haemoglobin with
oxygen (cited by Krogh 1914c). The van't Hoff rule has been ap-
plied to many physiological processes, i.e., those processes which
take place only in the living organism or organs. Most workers
have considered temperatures of very narrow range and have used
these results in calculating the Q-^q over a range of temperatures
where this quotient does not hold. One has only to stop and
think to see that the Q10 will vary from a point where it approach-
es infinity on the one hand to a point where it drops to zero
on the other hand at least in those animals which are able to be
frozen or go into hibernation at very low temperatures. The Q^g
approaches just as near infinity when the hibernating animal
passes out of the state of hibernation as the metabolic process-
es had approached zero during the hibernation of the animal.
While on the other hand the Q10 is reduced to zero when a temper-
ature is reached at which all metabolic processes cease. Most
workers have arbitrarily chosen the range of temperature that
shows the Q-^q of the proper magnitude - between 2 and 3 - as

that which most reliance is to be placed. This generally ap-
proximates the mean of the temperature range for normal meta-
bolic activity. Others seeing the variation of the Q,j have
attempted to explain its cause. Snyder (1911) has said, "in
fact, the writer knows of no case where this variation does not
occur". Blackman (1905) says, "As regards the rate of metabolic
chemical change in the organism at high temperatures, this law
clearly does not express the whole truth. If it did we should
expect, with increasing temperature, all vital processes to pro-
ceed with ever-increasing velocity till the fatal temperature was
reached at which some essential proteid coagulated or some other
connexion was dislocated, and the whole metabolic machinery came
suddenly to a standstill" . The falling off of the Q10 at higher
temperatures is explained by Blackman as being due to a time
factor and he points out the fact that Sachs has shown that the
higher the temperature the more quickly the fatal effect ensues
and that a short exposure at high temperatures will not kill
while long exposures at lower temperatures will prove fatal. He
concludes from Matthaei's 1(1904) experiments on carbon assimil-
ation that: 1. At high temperatures (30° C. and above for cherry-
laurels) the initial rate of assimilation cannot be maintained,
but falls off regularly. 2. The higher the temperature the more
rapid the rate of falling off. 3. The falling off at any given
temperature is fastest at first and subsequently becomes less
rapid. Blackman has calculated the theoretical initial value
of assimilation from the rate of falling off of the assimilation
at any given temperature. Thus by extrapolation he has formulat-

20
ed a curve at higher temperatures which conforms to a van't Hoff
curve. Putter (1914) in his experiments on the skin respiration
of the frog has attempted to show that the deviation of his curve
from that of a van't Hoff curve was due to the superposition of
exponentials. Snyder (1908, 1911) explains the variation as be-
ing due to the low difussion velocities, low temperature coeffic-
ient of viscosity, the low temperature coefficients of dielectric
capacities, and the migration velocities of ions. Osterhout (1917)
suggests that when substances are formed and are at once broken
down, as is the case with many metabolic processes the reactions
which form the substances may differ from that which destroys it.
This he claims would cause a variation in the QfQ. The direction
of the variation would thus depend upon which of the two reactions
had the larger coefficient,
It is not the purpose of this paper to produce evidence
that any given physiological activity is or is not a chemical
process rather than physical, but rather to determine if there
is any uniformity in biological reactions and if possible to de-
termine in what way these processes are controlled by external
factors. There seems to be a great uniformity in the trend of
the Q^q wherever determinations have been made over any very
great range of temperatures. In such diverse biological reactions
as the gastric hunger movements of certain of the lower animals
(Patterson 1917), the regeneration and the duration of life of
the Tubularia crocea (Moore 1910), the radial growth rate on
solid medium of the fungus Pythiacystes atrophthora (Fawcett
1917), and many other biological reactions (Snyder 1908, 1911),
the van't Hoff coefficient - 2 to 3 - holds good for only a very
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narrow range of temperatures. When the literature on the effect
of enzyme action is examined the same thing is found to he true.
Rahn (1016) who has collected data on this point discusses this
material in the light of Trainman's theory and subjects it to an
exhaustive mathematical examination. He shows that in all cases
that the temperature coefficient is large at the lower temperatures
and gradually decreases until at very high temperatures it
dropg to zero. Rahn suggests an explanation of this variation
of the temperature coefficient in that he belie tres that at least
in' such as the alcoholic fermehtation that destruction of the
enzyme (zymase) occurs within the cell but at normal temperatur-
es the enzyme is reproduced as rapidly as it is destroyed so that
the amount of the enzyme remains the same. He also beleives that
at higher temperatures Tamman's principle comes into play. He
postulates a thermolabile agent in the cell and applies the same
principle to growth and reproduction.
Green (1870), Earll (1378), Dannevig(l894 ) , Edwards (1902),
Reihisch (1002 ), Williamson (1910 ),Sanderson and Peairs (1913),
and Johansen and Krogh (1914) have done work leading up to the
conception of thermal constant for biological reactions. Harvey
(1911) showed that the rate of conduction of nerve impulse of
the nerve-ring of the sub-umbrella of the medusa Cassiopea in-
creased in a linear ratio as the temperature is raised. Mayer
(1914) who repeated Harveys experiments on Cassiopea xanachans
affirmed Harvey's results, i.e., the increase ig conduction of
nerve impulses is arithmatically proportional to the increase in
temperature. While finally Krogh (1914, 1914a) and Sanderson
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and Peairs (1913) called attention to the close approximation
of thermal constants of development to an equilateral hyperbola
when temperature iss plotted as abscissa and length of time re-
quired to pass any particular stage is plotted as ordinate. These
workers hold that the effect of temperature on development does
not follow van't Hoff*s rule. Loeb and Northrop (1917) found
the same high Q,^q for Drosophila larval and pupal stages at low
temperatures with a gradual decrease up to the temperature at
which development would no longer take place. But with the dur-
ation of life of the imago stage their results were different.
There was no tendency for the Q^q to decrease at the higher tem-
peratures but instead it increased. This fact was nsed by Loeb
and Northrop to strengthen their argumant that it was the falling
off of the Qio i-n the larval and pupal stages that was responsi-
ble for the straight line limits of the velocity of development
curve and states, "that the straight line character of the curve
does not militate against the assumption that we are dealing in
all these curves (curves for the rate of development of larvae
and pupae and the duration of life of the imago and the total
duration of life of the fruit-fly) with a temperature coefficient
of the order of that of a chemical reaction". This seemingly un-
similarity of the two sets of curves will be discussed a little
later.
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A COMPARISON OF THE TEMPERATURE TOXICITY CURVE
TO THE TEMPERATURE METABOLISM AND THE TEMPERATURE
STANDARD METABOLISM CURVES OF OTHER WORKERS
Krogh (1914c) in his work on the effect of temperature
on what he calls standard metaboliem* has shown that Q-^q is not
a constant "but gradually decreases from the lower temperatures
to the higher temperature
.
Leitch
(1016) in attempting to show Blackman's method of extrapolation
in calculating the effect of temperature on the growth rate of
Pi sum sativum untenable has compared his rate of growth curve to
Krogh* s standard metabolism curve and claims that thw two are
in agreement as well as a curve drawn from Kuijper's data on
the effect of temperature on the respiration of PAsum. Leitch
claims that the Q1Q does not follow the van't Hoff rule. Others
have attempted to show the applicability of the van't Hoff rule
by approaching it from other points of view. As has already been
mentioned Loeb and Northrop (1916) studied the effect of temper-
ature on the duration of life of the fruit-fly. They determined
both the duration of life of the imago stage and the entire dur-
Krogh defines standard metabolism as the metabolism obtained
when no assimialtion of food is taking place, when movements
are prevented, and muscular tone either abolished or brought
down to a minimum. He states that when external conditions are
unaltered that the metabolism is approximately constant at least
over short periods of time.
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ation of life. Lillie (1917) has studied the effect of temper-
ature on the time required to activate starfish eggs by treat-
ment with butyric acid. Groves (1917) determined the duration
of the life of stored seed. These workers found no tendency for
the Qjo to decrease at the higher temperatures. Thus there is
no portion of their reciprocal curves which approach a straight
J.ine. This is additional proof that there is no portion of the
reciprocal curves, i.e., the curves of the rate of development
of any definite stage of the animal organism at different temper-
atures and of the velocity of fatality of fish in different con-
centrations of a toxic substance, which is actually a straight
line but approaches a straight line where the curvature is chang-
ed from a concave upward direction to a concave downward direction
due to the gradual decrease of the with rise of temperature
(Powers 1918). The extent of the region in which the reciprocal
curves approach a straight line is dependent on the rapidity with
which the Q10 decreases in value with rise of temperature. When
there is no decrease of the Q1Q as the temperature is raised or
the decrease is not sufficiently rapid (Krogh, Q^q for metabolism
of Tenebrio molitor 1914b and the Q^q for standard metabolism
1914c) the reciprocal curve continues to be concave upward. (in
the metabolism reciprocal curves there is probably a rapid de-
crease in the Qjq, i.e., the upper temperature limits of metabol-
ism, which will cause the reciprocal curve to change to a concave
downward direction. But at higher temperatures the metabolism
becomes very irregular, Leitch 1916). When the survival time
of the gold fish is taken as a criterion the ef Feet of temperature
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on the toxicity of the lithium chloride resembles that of the ef
feet of temperature on standard metabilisra of goldfish as found
by Krogh (1914c), Krogh found that the relative effect of tem-
perature on standrad metabolism of a toad, a frog, a goldfish,
and a puppy were approximately the same. Table II shows the
QlO for the toxicity of lithium chloride to goldfish when the
actual survival time is taken as a criterion. This is not cal-
culated but taken from actual experimental data of experiments
which were run at approximately ten degree intervals. Table XIV
shows the Q-jq when K of the equation of the straight line of the
theoretical velocity of fatality is taken as a measure of rela-
tive toxicity of the lithium chloride at different temperatures.
The theoretical velocity of fatality curves of the goldfish when
killed in lithium chloride solutions at 4°, 11.8°, 15.3? 20°, 24.9?
29.8^ and 34.8° C. are shown in Figures 4 to 10. These curves
are ftrawn from data given in Table I. Figure 11 is the super-
imposition of the theoretical velocity of fatality curves for
the temperatures tested. When the relative toxicities of the
lithium chloride at the different temperatures, Figure 11, is
plotted a curve shown in Figure 12 is given. Figure 13 shows
Kro^h*s temperature standard metabolism curve of certain vefcte-
brates including a goldfish. Figure 14 is a graphic representa-
tion of the Qjjq when calculated on the basis of the temperature
toxicity curve, Figure 12. gee Table XIV. The more or less
sharp upward trend of the Qiq curve at the higher temperatures,
Figure 14, is due to an additional factor whicli has entered.
That is, the higher temperatures is nearing the upper limits
of temperature indurance of the goldfish. A few of the goldfish
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died in tap water at 34.8 C. and all fish tested died when the tem-
perature was raised to 36 to 37 C.
When the temperature toxicity curve of the lithium chloride
to golftfish is compared to Krogh's temperature standard metabol-
ism curve of vertebrates, Figure 13, it is found that the two do
not coincide but that the temperature toxicity curve approximates
the square root of the temperature standard metabolism curve.
(See curves, Figures 12 and 13). Table XV gives the ratio of
the square root of Krogh's temperature standard metabolism curve
and the temperature toxicitj' curve. This ratio shows a slight
rise of the temperature toxicity curve above that of a square
root of standard metabolism temperature curve both at the higher
and lower temperatures. Loeb and Northrop' s (1917) data (Table
XVI ) for the reciprocal of the total duration of life and the
duration of life of the imago of the fruit-fly conforms fairly
well with Krogh's tl914b) temperature metabolism curve for the
pupa of Tenebrio molitor when relative values of the reciprocals
of the deration of life of the imago of the fruit-fly are com-
pared to the metabolism of the pupae of the meal-worm at the
same temperature. There is a slight variation at the higher
temperatures. This is shown graphically in Figure 15. The
curve was drawn from data taken from Krogh (1914b). The plus
signs (-f) represent the duration of life of the imago and the
crosses (X) represent the total duration of life of the fruit-
fly. Lillie's data, on the other hand, for the activation of
starfish eggs with butyric acid conforms less exactly with
Krogh* s temperature metabolism curve. Table XVII, taken from
Lillie (1917), gives the mean optimum time of exposure of star-
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fish eg^s to 0.006 N. butyric acid to activate then at difFer-
ent temperatures. Figure 16 shows the superiraposition of the
velocity activation (the reciprocal of the time required to acti-
vate the starfish eggs with the "butyric acid at different tem-
peratures) of the starfish eggs, as calculated from Lillie* s data,
on Krogh f s temperature metabolism curve. The crosses (x) repres-
ent group A and the plus signs (+) represent group B. This
graph shows that the velocity of activation is higher at the lower
and higher temperatures than the relative rate of metabolism of
the pupa of the meal-worm. Sollmann, Mendenhall, and Stingel
(1915) found that the effect of temperature on the time required
for systolic standstill of excised frog*s heart injected with
ouabain corresponded very nearly to the square of the heart rate
quotient. These workers suggested as an explanation isv the basis
of Weizsaecker * s observations that the activity ol ouabain is
proportional, independently, to two factors, viz., the heart rate
and the temperature. That is, when the temperature and the activ-
ity of the heart both varied the activity of the ouabain would in-
crease by the temperature factor multiplied by the rate factor.
And they suppose that the temperature affects the rate of the
heart and the ouabain response about equally, and thus the tem-
perature would increase the activity by the square of the tem-
perature quotient. The agreement of Loeb and Northrop 1 s data
to the temperature metabolism curve of Tenebri o molitor pupae is
what one would expect provided that the relative effect of tem-
perature on the metabolism of all invertebrates is the same.
This last point has not been demonstrated. However, Krogli has
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suggested its possibility. Many insects in the imago stage do
not take food. Thus you would expect at least that the duration
of life in the imago stage to he very closely associated with
the rate of metabolism. This point is further emphasized by the
fact that Krogh (1914a) found that the amount of carbon dioxide
given off by the pupa of the meal-worm during the pupal stage
is constant at all temperatures in which development was normal.
Again the relation of time 'required to activate the starfish
egg with butyric acid (Lillie 1917) at different temperatures
and the temperature metabolism curve agrees with expectation.
That is, according to hypothesis suggested by lillie (1915, 191C)
the activation process consists essentially in the production of
a definite reaction product designated by Lillie as the activat-
ing substance. Lillie has shown that the rate at which the but-
yric acid takes part in the process of activation is directly
proportional to its concentration and suggests that the inter-
action has the character of a monomolecular reaction. This be-
ing true the temperature should effect the activating and the
metabolic processes alike. Thus the relative increase in the
amount of activating substance would be proportional to the re-
lative increase in the rate of metabolism. By an inspection of
the graph, Figure 16, it is seen that the velocity of activation
is higher than the rate of metabolism of the pupa of the meal-
worm at both the low and high temperatures. This might be ex-
plained as Lillie has pointed out that temperatures below 8° C.
and aboce 28° C. there is a marked activating effect on the eggs.
This possibility will account for the higher rate of activation
at these temperatuues . The fact that the effect of temperature
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on the toxicity of lithium chloride to the goldfish follows a
curve which is the square root of the curve of the effect of tem-
perature on standard metabolism of the goldfish might be explained
on the ground that the lithium chloride attacks some intermediary
substance of metabolism. Burge, Neill, and Ashman (1918) have
shown that chloroform, ether, magnesium sulphate, and certain
other substances attack the catalase of the blood of the cat,
dog, and rabbit when given these substances. Thus in this case
one is dealing with the effect of a substance the value cf which
is equal to the substance introduced. While in the case of the
activating substance that is formed in the egg of the starfish
is determined by the rate at which the butyric acid acts on the
reacting substance in the cell. Thus the effect of the lithium
chloride would have to be considered as a reacting substance
and not as a product of a reaction. Thus from the law of dynam-
ics when the two reacting substances are effected at the same
rate the effect on the reaction product would, be equivalent to
the square of the effect on the reacting substances in a dimol-
ecular reaction or the effect on the rate of activity of the re-
acting substances would be the square root of the effect on the
rate of production of the reaction product.
Experiments were also run with the blunt-nosed minnow
to determine effect of tmeperature on the toxic activity of
ammonium chloride to tikis fish. The results of these experi-
ments are shown in Tables TX, X, Xnd XI. Figures 17, 18, and
19 are graphic representations cf these experiments. When the
relative toxicities of the ammonium chloride at 14.2° 19.8° and
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24.0° C. are superimposed on the tempertaure toxicity curve of
lithium chloride to the goldfish it is found that there is more
or less agreement "between these tv:o sets of experiments. See
Figure 20.
Krogh temperature standard metabolism curve and the temperature
toxicity curves of lithium chloride and ammonium chloride the
explanation of the effect of temperature in increasing the activ-
ity of a protoplasmic poison is no doubt not so simple. Other
factors such as muscular activity, muscular tension, digestion,
and other physiological processes must he taken into consider-
ation. This explanation has been suggested only as a working
hypothesis
.
A METHOD OF MEASURING RELATIVE RESISTANCES OF
FISH TO DELETERIOUS SUBSTANCES AND THE COMPARATIVE
RESISTANCE OF CERTAIN SPECIES OF FISH
In earlier work (Powers 1918), as has already been stated,
the relative toxicities of substances of certain poisons to gold-
this work it has been found more convenient to use the constant
of the equation of the theoretical velocity of fatality curve in
determining the relative toxic activity of a substance at dif-
ferent temperatures. This equation is the equation of a straight
line since the theoretical velocity of fatality is a straight
line. The validity of this method can be shown by a considera-
tion of Figure 21, The curve CABG represents the velocity of
fatality of the blunt-nosed minnow when killed in different con-
11though there is a more or less of an agreement of the
fish have been determined "by the expression In
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centnations of ammonium chloride at 19,8° C. when one block ab-
scissa represents 0.008 N . ammonium chloride and the curve
C'A'B'G 1 represents the same data when one block equals 0.016 N.
ammonium chloride. In both curves four blocks ordinate represents
one unit of velocity of fatality. This is equivalent tr having
two substances one of which has just twice the toxic activity as
the other and in which both follow the same law. Thus any point
on the velocity of fatality curve C'A'B^* is just one half the
distance from the Y-axis as the point on the velocity of fatality-
curve CABG on the same parallel to the X-axis. Since this is
true for any point on the velocity of fatality curve C'A'B'G* it
is true for all points and is true for the portion A*!*' and AB
of the two curves. That is, the portions A*B* and AB of the
curves bear the same relation to each other as the entire curves
CMtB'G* and CABG bear to each other. Thus what is true of the
curves C'A'B'G' and flAEG is also true of the curves P'A'B'F* and
PABF. Thus the theoretical velocity of fatalitj curves can be
taken as a representation of the true velocity of fatality curves.
Since this is true the constant, K, of the equation of the theor-
etical velocity of fatality curve is taken as the most natural
criterion for the relative toxicity of any substance rr the rela-
tive toxicities of the same substance at different temperatures.
The constant, K, of the erjuatioi: of the straight line can also
be taken to represent the actual threshold of toxicity concentra-
tion C' and C since they are parellel points on the two curves.
It is also seen from the graphs that the true relative toxicities
cannot be determined by comparing the relative time required to
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kill the fish in the two substances "but that relative toxicity
can he determined more or less exactly by comparing the concen-
trations of the two substances which kill the fish during any
fixed time. Figure 22 shows the same velocity of fatality curve
CABG as shown In Figure 21 and a hypothetical velocity of fatality
curve CA'B'O' in which the effect of the deleterious substance
is increased by two due not to the toxic activity of the substance
but due to the increased susceptibility of the fish to the toxic
action of t ,: e substance as a result of the higher rate of metab-
olism of the fish. That is, at any one concentration of the del-
eterious substance the velocity of fatality of the fish with the
higher rate of metabolism is twice as great as the one with the
lower rate of metabolism. Thus, theoretically a fish of the same
species would have the same threshold of toxicity concentration
proviflcd the difference of susceptibility was due only to the
difference in the rate of metabolism. This theoretical curve
does not hold in its entirety at least for Planaria as Child
(1915 and citations) has shown that at high concentrations of
certain toxic substances that the Planaria with the highest rate
of metabolism die first while at very low concentrations of the
toxic substance the order of time until death is reversed, those
with the lowest rate of metabolism dying first. Other factors
such as size of the individual and the rate of absorption of the
deleterious substance probably plays a part. This hypothetical
curve can be taken only as illustrating the tendency of the dir-
ection of the velocity of fatality curve, when the velocity of
fatality is due to susceptibility of the fish and shows that the
equation of the straight line can be taken only as a close ap-
]
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prcximation of relative toxic values and is more nearly the truth
than any other criterion thus far suggested as a measure of rel-
ative toxic activities. This hypothetical curve also explains
why all theoretical velocity of fatality curves of toxic sub-
stances do not intersect at some one point on the Y-axis. That
is, there arc two factors to be taken into consideration in the
detemination of relative toxicities. One is the difference in
susceptibil ity of the fish to the toxic substances and the second
is the difference in the toxic activities of the substances them-
selves. There are certain evidences that the velocity of fatali-
ty curves of lithium chloride to goldfish at different ternpera-
tufces do not all meet at the same point, S, (Figures 4 to 10 and
Figure 11) but this was taken as an approximation of the truth
and as a method which can be utilized in obtaining a better un-
derstanding of the relation of fish to deleterious substances.
When the equation of the straight line is used as a crit-
erion for the measurement of the susceptibility of a fish to
ammonium chloride the resistance of the fish which is the recip-
rocal of the susceptibility is found to be as follows:
-
Notrtpis blennius Gir. (1.5 to 2.0 g.) has a resistance of 1.0
Pimephales notatus T>af. (Approximately 2 g.)" M " " 1.5
Carassius carassius t, (3,0 to 4.9 g, ) M " M H 3.0
These calculations are made for the size of the fish men-
tioned above only. The order of the species may not be the same
at different stages of the life history of the fish.
1
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A COMPARISON OF THE RELATIVE TOXICITIES OF CERTAIN
OF THE ENVIRONMENTAL SALTS AND THEIR ELECTRICAL CON-
DUCTANCE
Much work has "been clone to determine the exact cause of
the toxicity of the elements or the mechanism of their actions.
Some of the earlier views held were that the toxicity of the
elements of isomerous groups were associated with the atomic
weights of the elements (Blake 1S83, 1887) or their toxicity
was associatec1 with their position in the periodic system (Botkin
1885). In resent years the toxicity of the elements have been
attributed to the free electric charge or the atom itself while
in the atomic state or that toxicity is due to the solubility
of the substance. Mathews (1904) has suggested solution tension
of the element as a function of its physiological activity. When
experiments were run with the chlorides of sodium, magnesium, cal-
cium, and barium to determine the effect of the temperature on
the toxicity of these salts the electrical conductance of each
of the salts was determined at each of the temperatures to as-
certain the relation of the toxicity and the electrical conduct-
ance of the salts if there he any.
When the relative toxicities of sodium chloride. Calcium
chloride, magnesium chloride, and barium chloride are approxi-
mated at 17.8 C. by using the theoretical velocity of fatality
as a criterion for the measurement of relative toxicity it is
found that they arrange themselves in the order named with the
least toxic first and the most toxic last. This can only be an
approximation since there were only a few experiments made in the

straight line limits of the velocity of fatality curve which
seems to approximate 0,25 N. at least for the first three chlor-
ides named. But when the velocities of fatalities of each of the
concentrations at the different temperatures tested are averaged
for each salt and the averages taken as a criterion for relative
toxicity the arrangements of the salts in order of their relative
toxicities is somewhat different. They arrange themselves as
follows:- Magnesium chloride, calcium chloride, sodium chloride,
and barium chloride with the least toxic first and the most toxic
last. This is due to the high velocities of fatality of the fish
in sodium chloride at 22. 8° and 27.8° C. These two sets of ex-
periments seem to be erratic as compared to other temperatures
at which the sodium chloride was tested and also when the straight
line criterion is applied to the data at these high temperatures.
See Table TIT and compare to Tables IV, V, and VI. However
neither of these orders given for the relative toxicities of the
salts corresponds to the order of electric conductance of the
solutions of the salts tested. Compare Tables III, IV, V, and VI
with Table VIII.
ANTAGONISM AND ITS POSSIBLE UTILITY IN NATURAL
POLLUTED V/ATEPS
A few experiments were run with calcium chloride and
sodium chloride to ascertain if there are any relations between
the antagonism curve and the toxicity curves of these two salts.
A 0.297 N. calcium chloride solution to which varying amounts of
sodium chloride were added was tested. In these experiments,
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Table XVT1I, that the antagonism of the sodium did not at any
concentration tested amount to more than the additive effect of
the sodium chloride added. That is, from the pure calcium chlor-
ide solution there is more or less of a decrease in the survival
time of the fish. But by comparing Table xVElI with experiments
in which the fish were killed at 22.8° C, Table V, it will be
seen that the actual antagonistic effect of the sodium chloride
was increased up to the highest concentration of the sodium chlor-
ide used. That is, the falling off of the survival time of the
and sodiun chloride
fish was less rapid in the mixture of the calcium chloride Aper
actual concentration of salts than an equivalent concentration
of pure calcium chloride or sodium chloride, Table III. This
actual antagonism continued to increase up to the highest concen-
tration of the sodium chloride used
f
In the experiments with a 0.297 N. sodium chloride solution
to which varying amounts of calcium chloride was added there was
a greater antagonistic effect than the additive effect of the
calcium chloride added. The antagonistic effect increased over
that of the additive effect of the calcium chloride added until
the calcium chloride added amounted to approximately 10$ of the
total salts in solution. From this point on the survival time
of the fish fell continuously up to the highest concentrations
of the calcium chloride used, Table XIX.
These experiments show that there is no relation between
the antagonism and the toxicity cufrves. They also show that the
antagonistic effect of calcium chloride and sodium chloride is
most effective when the calcium chloride and the sodium chloride
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are present in the ratio of normalities of about one to ten.
These results agree fairly well with those of Osterhout (1914)
who found the most effective ratio of equal toxic solutions
of these two chlorides to be one of calcium chloride to twenty
of sodiur chloride. These experiments show in addition to the
fact that a definite ratio must exist between two antagonizing
salts to be most effective that if this ratio is not approximat-
ed the addition of an antagonistic salt to a toxic solution may
be detrimental instead of beneficial. Thus in all treatments of
natural waters which have become polluted the ratio for the most
antagonictic effect of the substance added must be determined for
the treatment to be roost effective.
GENERAL DISCUSSION
The fact is well known that bodies of water become unin-
habitable for some of the most valuable food fish both through
natural causes and contamination. Work has been done that in-
dicate that the conditions (Shelford 1911, 1911a) and the re-
actions of the water (Shelford 1011b and Wells 193 5, 1915a) have
more to do in determining the habitability of a body of water
tl an other factors such as the availability of food. Shelford
(1911a) has shown that fish do hot always occur where its natural
food is most abundant. It has been shown by reaction experiments
(Shelford and Alice 1913 and Wells 1915, 1915a) that the fish
generally avoid injurious substances which they naturally encount-
er in nature. But (Shelford 1917) the avoidance of injurious
substances which do not generally occur under natural conditions
is not so marked. In fact the fish may react positively to such
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substances
.
Liebig's law of minimum, as is generally stated, "the yield
of any crop always depends on the nutritive constituent which is
present in minimum amount" (Hooker 1917), can he applied to the
hahitahility of a body of water for fish. But as Livingston (1917)
has stated, "this principle is still quite incomplete logically
and its statement will assuridly become more complex as our science
advances". Hooker (1917) has called attention to the fact that
Elackman has shown that the assimilation of carbon is very com-
plex and depends on at least six factors; 1. Temperature, 2.
Light intensity, 3. Carbon dioxide supply, 4. Water supply,
5. Chlorophyll, and 6. Enzymes. With fish the deleterious effect
of a substance raay depend on the stage of the life history of
the fish, whether it be the developing egg;, a young and rapidly
growing fry, or an older or an adult fish. And while in any of
the free moving stages of the life history of the fish the effect
of the deleterious substance might be determined by the physiol-
ogical state of the fish which will cause it to become more sen-
sitive or less sensitive and thus react more energetically or
less energetically to any environmental factor. While at all
stages of the life history of the fish a deleterious substance
may become injurious more rapidly under one set of conditions
than under another set of conditions. Or a substance may not
be injurious under one set of conditions while under other con-
ditions it would be injurious. One of the environmental factors
which determine the rapidity with which a substance becomes fatal
is temperature. Temperature has been shown by the chemist and
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physicist to increase the rate of chemical and physical phenomena
up to the point where the substances are brosken down or destroy-
ed at the given temperature. The same is true of biological
reactions with certain qualifications, i.e., at higher temperat-
ures these reactions become irregular and in fact are retarded
in rate.
The purpose of the experiments discussed in the proceed-
ing pages was to show the relation of the temperature factor on
the effect of deleterious substances on the fish in natural bodies
of water. The question is raised is the effect of deleterious
substances on the fish due only to the physiological state of
the fish or are there other factors to be taken into consideration.
And if there is a change in the physiological state of the fish
is this change of such a nature that it makes the fish more res-
istant when the deleterious substance is most active or does the
resistance of the fish fall with the rise in the activity of the
injurious substance or substances. Wells (1916) has drawn a
curve from data of experiments to show the seasonal resistance
of the fock bass (Ambloplites rupestris Paf . ) to lack of oxygen.
His curve shows that the rock bass is least resistant to lack
of oxygen in August. Its resistance rises very slowly during
September and October and reaches its maximum during April and
May after which it falls rapidly to its lowest ebb at the last
of July and in August. No temperature data is given. So it is
not known just what part temperature played in these experiments.
Experiments already discussed show that there is a marked
fall of resistance of a fish to a deleterious substance with rise
in temperature. Thus the resistance of a fish as effected by
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temperature is least during the summer months and rises during
the fall reaching its highest point during the winter months and
falling again during the spring. Not only would there be a
seasonal rhythm but there would toe a daily rhythm. Thus the habit-
ability of bodies of water would depend on the length of the Avarni
season. The longer the duration of the warm season the more fatal
would be the effect. Or if there is a difference in the resistance
of the different stages of the life history of the fish or the
physiological state of the fisli due to seasonal rhythm the habit-
ability of the body of water would then depend on the temperature
of the water at the period that the fish is least resistant, or
the stage at which it is most sensitive and reacts most vigorously
to invironmental or pullution factors.
In resent years the fish culturist has become interested
in making bodies of water which have been made uninhabitable by
pollution again favorable for fish habitation. This is not only
a question of making the polluted waters habitable but the ques-
tion arises as to the effect of other environmental factors. A
substance which is not present in amount; sufficiently great to be
fatal to the fish might be made to become so even by the addition
of an antagonistic substance or substances provided that the pro-
portions of the substances do not approximate a certain definite
ratio. Experinents have been performed which show that calcium
chloride (0.297 N.) is made more rapidly fatal by the addition
of small amounts of sodura chloride although the amount of sodium
chloride added alone would not be fatal. With 0.297 N. sodium
chloride the addition of calcium chloride in small amounts decreas-
the rapidity of fatality of the sodium chloride until a certain

4t
.
maximum effect is reached, i.e., when the proportion of the two
salts is approximately 10?c calcium chloride and 90fv sodium chlor-
ide. This agrees fairly well with Csterhout's (1914) results on
the antagonistic effect of these two salts on the grwoth in plants.
This is especially important in the proposed treatment of polluted
streams. In othercwords if the correct proportion of antagoniiing
substance is not added the effect might he detrimental rather than
beneficial
.
All these facts have important bearing on the problem deal-
ing with the fish in relation to its environment. It is hoped
that not only similar work will be undertaken not only with the
different stages of the life history of the fish and that the most
sensitive fctag< Will be determined.
SUMMARY OF CONCLUSIONS
1. The toxicities of the chlorides of lithium, a monium, sodium,
calcium, magnesium, and barium to fish are increased with rise of
temperature.
2. The effect of temperature on the toxicities of the chlorides
of lithium and ammonium do not follow van't Hoff's^ rule in its
entirety.
The relative toxicities of lithium chloride at different
temperatures to the golflfish follow very closely the square ro6t
of relative standard metaholism of the goldfish as given by Krogh.
4. A close approximation of the relative deleterious effect of
obnoxious substances to fish can be determined by comparing the
constants of the equations of the theoretical velocity of fatality
curves of the fish when killed in these substances. The resist-

ance of the fish to these deleterious substances can he determined
hy the same method since the resistance of the fish is the recipro-
cal of the deleterious effect of the substance on the fish.
5. The relative toxicities of sodium chloride, magnesium chlor-
ide, calcium chloride, and barium chloride to the blunt-nosed min-
now ( Pimephales notatu s Raf.) are not the same as the relative
conductance of these salts.
6. The relative resistance of Carassius carassius L., Pimephal-
es notatus Raf., and Metropis blennius Gir.,to ammonium chloride
decreases in the order inamed.
ACKNOWLEDGEMENTS
.
The author wishes to thank Professor Jakob Kunz and Doctor
J. G. Dietrichson for assistance and many kelpful suggestions
in the determination of the conductance of the salt solutions.
The author also wishes to thank Professors^ C. T. Tvnipp and
J. M. Snodgrass and Mr. C. F. Miller for the loan of apparatus.

43.
BIBLIOGRAPHY
Apstein, C.
1911, Die Verbreitung der pelagischen Fischeier und Larven
in dcr Beltsec und den angrenzenden Meeresteilen. Wiss.
Meersunters. , N. F., Keil, 13:^25-284.
Bacroft, J. and Hill, A. V.
1910. The Nature of Oxyhaemoglobin, with a note on its Mol-
ecular Weight. Jour. Physiol., 39:411-428.
Blackman, F. F.
1905. Optima and Limiting Factors. Ann. Bot., 19:281-295.
Blake, J,
1883. On the Connection Between Physiological Action and
Chemical Constitution. Jour. Physiol., 5:35-1^.
1887. Relation of the Chemical Constitution of Inorganic
Compounds to their Physiological Action. Chem. News,
55:110-111.
Burge, W. E.
1917. The Effect of Ether Anaesthesia, the Emotions and
Stimulation of the Splanchnics on the Catalase Con-
tent of the Blood. Amer. Jour. Physiol., 44:290-297.
1917a. Why Chloroform is a More Powerful and Dangerous Anes-
thetic than Ether. Science, n.s., 46:G18-G20.
Burge, W, E., Neill, A. J., and Ashman, R.
1918. The Mechanism of the Action of Anaesthetics. Amer.
Jour. Physiol., 45:388-395.
1918a, The Mode of Action of Food in Increasing Oxidation.
Amer. Jour. Physiol., 45:500-506.

Child, C. M. 44
1913. Studies on the Dynamics of Morphogenesis and InhpHHrpp^
Experimental Reproduction. Jour. Exp. Zool., 14:153-206
Dannevig, H.
1894, The Influence of Temperature on the Development of the
Eggs of Fishes. 13th Ann. Rept. of the Fisheries Board
for Scotland, pp. 147-153.
Earll, R. E.
1878 . A Report on the History and Present Conditions of the
Shore Cod Fisheries. U. S. Fish. Com. Rept., Pt. IV:
685-731.
Edwards, C. L.
1902. The Physiological Zero and the Index of Development for
the Egg of the Domestic Fowl, Callus domesticus. Amer.
Jour. Physiol., 6:351-397.
Fawcett, H. S.
1917. Preliminary Note on the Relation of Temperature to the
Growth of Certain Parasitic Fungi in Cultures. Johns
Hopkins Univ. Cir., 293:193-194.
Green, S.
1870. Trout Culture, Rochester.
Groves, J. F.
1917. Temperature and Life duration of Seeds. Bot. Gaz.,
63:169-189.
Harvey, E. N.
1911. The Effect of Different Temperatures on the Medusa Cas-
siopea, with special reference to the Rate of Conduc-
tion of the Nerve Impulse. Papers Tortugas Lab. Carnegie
Inst. Washington, no. 132, 3:29-39
Hewitt, F. W.
1907. Anaesthetics and their Administration, New York.

45.
Hill, L., Moore, B.
,
MacLeod, J. J. R.
,
Pembrey, M. S., and
Beddard, A. P.
1908. Recent Advances in Physiology and Bio-Chemistry, London.
Hooker, II. D.
1917. Liebig*s Law of the Minimum in relation to General
Biological Problems. Science, n.s., 46:197-204.
Johansen, A. C. and Krogh, A.
1914. The Influence of Temperature and Certain Other Factors
on the Rate of Development of Fishes. Conseil Internat.
p. l'expl. de la mer. Pub. de Circumstance, no. G8.
Krogh, A.
1914. On the Influence of the Temperature on the Rate of
Embryonic Development. Zeit. allgem. Physiol., 16:163-
177.
1914a. On the Rate of Development and COg Production of Chrysal-
ides of Tenebrio molitor at different Temperatures.
Zeit. allgem. Physiol., 16:178-190.
1914b. Ein Mikrorespirationsapparat und einige damit ausge-
fuhrte Versuche fiber die Temperatur-Stoffwechselkurve
von Insektenpuppen. Biochem. Zeit., 62:266-279.
1914c. The quantitative Relation between Temperature and
Standard Metabolism in Animals. Internat. Zeit. Phys.-
chem. Biol., 1:491-508.
Laurens, H.
1914. The Influence of Temperature on the Rate of the Heart
Be*»t in Ajfblystoma Embryos. Amer. Jour. Physiol., 35:
199-210.

Leitch, I.
1916. Some Experiments on the Influence of Temperature on
the Rate of Growth in Pisum sativum. Ann. Bot., 30:
25-4G.
Lillie, R. S.
1915. On the Conditions of Activation of Unfertilized Star-
fish Eggs under the Influence of High Temperatures and
Fatty Acid Solutions. Biol. Bull., 28j260-303.
1916. Mass Action in the Activation of Unfertilized Starfish
Eggs by Butyric Acid. Jour. Biol. Chem.
,
24:233-247,
1917. Temperature-Coefficients in the Activation of Starfish
Eggs by Butyric Acid. Biol. Bull., 32:131-158.
Livingston, B . E.
1917. A Quarter-Century of Growth in Plant Physiology.
Plant World, 20:1-15.
Loeb, J. and Ewald, W. F.
1913. Die Frequenz der Herztatigkeit als eindeutige Funktion
der Temperatur. Biochem. Zeit., 58:177-185.
Loeb, J. and Northrop, J. H.
1917. On the Influence of Food and Temperature upon the
Duration of Life. Jour. Biol. Chem., 32:103-126.
Mathews, A. P.
1904. The Relation between Solution Tension, Atomic Volume,
and the Physiological Action of the Elements. Amer.
Jour. Physiol., 10:290-323.
Matthaei, G. L. C.
1904. Experimental Researches on Vegetable Assimilation and

•17.
Respiration. III. On the effect of Temperature on
Carbon-Dioxide Assimilation. Phil. Trans. Roy. Soc.
London, 197B:47-!05.
Mayer, A. G
.
1914 • The Effects of Temperature upon Tropical Marine Animals.
Papers Tortugas Lab. Carnegie Inst. Washington, no. 183,
6 : 1-24
•
Moore, A. R.
1910
.
The Temperature Coefficient for the Process of Regener-
ation in Tubularia crocea. Arch. Entwickl. Organ.,
29: 146-149.
Osterhout
,
W • J . v
.
1914. Quantitative Criteria oi Antagonism. Bot. Gaz, , 5o:l7o-
186
.
iyi7 • Some Aspects of the Temperature Coefficient of Life
Processes. Jour. Biol. Cnem., J^:<s3-<c7.
Patterson, T. L.
1917 The Influence of Temperature on the Gasfcric Hunger Con-
tractions of some of the Lower Animals. Amer. Jour.
Physiol., 4.dit>ijd,
Phillips, E. F. and Detmutli, G. S.
1914 The Temperature of the Honeybee Cluster in Winter. Bull.
U. S. Dept. Agr. , no. Vo.i—io«
Powers, E. B.
1918. The Goldfish (Carassius carassius L.; as a Test Ani-
roal in tne oiuay oi loxicity , m. jjioj.. won., voj , »- v >
no . 2
.

Putter, A.
1914. Temperaturkoeffizlenten. Zeit. allgem. Physiol., 16:
574-C27.
Rahn, 0.
1916. Der Einfluss der Temperatur und der Gifte auf Enzym-
wirkung, Garung und Wachstum. Biochem. Zeit., 72:351-
377.
ReiMsch, J.
1902. Ueber den Einfluss der Temperatur auf die Entwicklung
von Fisch-Eiern. Wiss. Meersunters. , N. F., Kiel, 6:
215-231
.
Sanderson, E. D. and Peairs, L. M.
1913. The Relation of Temperature to Insect Life. Tech. Bull.
N. H. Coll. Agr. Exp. Sta., 7:1-125.
Shelford, V. E.
1911. Ecological Succession. It Stream Fishes and the Method
of Physiographic Analysis. Biol. Bull., 21:9-35.
1911a. Ecological Succession. II. Pond Fishes. Biol. Bull.,
21 : 127-151
.
1911b. Ecological Succession. III. A Reconnaissance of its
Causes in Ponds with Particular Reference to Fish.
Biol. Bull., 22:1-38.
Shelford, V. E. and Allee, W. C.
1913. The Reactions of Fishes to Gradients of Dissolved
Atmospheric Gases. Jour. Exp. Zool
.
, 14:207-206.

Sollmann, T., Mendenhall, W. L., and. Stingel, J. L.
1015. The Influence of Temperature and Concentration on the
Quantitative Reaction of the Heart to Ouabain. Jour.
Pharm. Fxp. Ther., 0:533-560.
Snyder, C. P.
1908. A Comparative Study of the Temperature Coefficients of
the Velocities of Various Physiological Actions. Amer.
Jour. Physiol. 22:309-334.
1911. On the Meaning of Variation in the Magnitude of Temper-
ature Coefficients of Physiological Processes. Amer.
Jour. Physiol., 28:167-175.
Warren, E.
1900. On the Reaction of Daphnia magna (Straus) to Certain
Changes in its Environment. Quart. Jour. Micr. Sci.,
13:109-224.
Veils, M. M.
1913. The Resistance of Fishes to Different Concentrations
and Combinations of Oxygen and Carbon Dioxide. Biol.
Bull., 25:323-347.
1915. Reactions and Resistance of Fishes in Their Natural
Environment to Acidity, Alkalinity and Neutrality.
Biol. Bull., 29:221-257.
1915a. The Reactions and Resistance of Fishes in Their Natur-
al Environment to Salts. Jour. Exp. Zool., 30:243-283.
1916. Starvation and Resistance of Fishes to Lack of Oxygen
and to ECN. Biol. Bull., 31:441-452.

50.
Williamson, C.
1910. Experiments to Show the Influence of Cold in Retarding
the Development of Eggs of the Herring ( Clunea hagengus
L.), Plaice ( Pleuronectes platessa L.) and Haddock
(Gadus oeglefinus r .). Fisheries Board of Scotland,
27th Rept. for 1008.
Woodruff, L. L. and Baitsell, G. A.
1911. The Temperature Coefficient of the Rate of Reproduction
of Paramaecium aurelia. Amer. Jour. Physiol., 29:147-
155.

51
.
TABLE T
.
The survival time and the velocity of fatality of goldfish
in lithiun: chloride
.
Column 5 gives relative conductance.
Normal Weight Survival Velocity of Relative
LiCl of fish time of fatality conductance
4° C. in fish in 100/t
grams minutes
0.058 1.6 1411 0.07 1.27
ft 2.0 1260 0.08 tt
0.116 1.5 685 0i46 2.43
tt 1.6 685 0.146 tt
0.232 1.0 112 0.89 4.61
it 1.7 125 0.80 tt
0.302 1.2 106 0.94 5.79
n 2.2 112 0.90 ft
0.372 1.2 72 1.37 7.04
tt 1.2 72 1.37 tt
0.488 1.2 48 J. 08 8.84
1.9 40 2.50 tt
11.8°C.
0.058 1.8 526 0.19 1.67
ii 1.8 800 0.12 tt
0.116 2.8 359 0.28 3.15
N 2.8 369 0.27 tt
0.232 1.7 131 0.76 6.00
1.7 131 0.76 tt
0.302 1.2 82 1.22 7.60
m
If 1.9 74 1.35 ft
0.372 1.9 64 1.59 9 . 36
2.1 69 1 .45 tt
.488 1.6 42 4 , Jo 11 .66
M 1.9 45 2 .2*2 tt
15.3*0.
0.058 1.5 524 0.19 1.88
N 1.5 702 0.14 tt
0.116 1.7 457 0.22 3.53
it 2.3 413 0.24 w
0.232 1.2 61 1.64 6.64
it 2.2 87 1.15 tt
0.302 1.0 58 1.72 8.42
tt 1.0 58 1.72 tt
0.372 1.1 49 2.41 lfl.37
tt 1.2 34 2.94 tt

TABLE I Continued.
Normal Weight Survival Velocity of Relative
LiCl of fish time of fatality conductance
20° C. in fish in 100/t
grams minutes
0.046 1.0 544 0.18 1.68
0.058 1.4 410 0.24 2.20
ft 1.5 803 0.12 it
0.093 1.1 152 0.66 3.18
ft 2.7 213 0.47 tt
0.116 1.3 192 0.52 3.99
• 1.3 255 0.39 ft
0.151 1.2 75 1.34 5.09
M 1.2 80 1.25 tt
0.232 0.9 57 1.76 7,44
1.4 81 i;23 it
n 1.0 35 2.86 7.45
Hi
1.0 36 2.78 it
0.267 1.4 34 2.94 8.45
n 1.4 35 2.86 tt
0.302 1.2 46 2.17 9.44
p 1.4 46 2.17 it
0.418 1.2 30 3.33 12.53
H 1.4 31 3.52 • n
.488 i tu 35 2.81 14.37
ft 1.6 35 2.81 ft
2^t.9°C.
0.058 1.9 322 0.31 2.31
n 2.3 466 0.21 ft
0.116 1.3 152 0.66 4.43
tt 1.3 157 0.64 it
0.232 1.3 37 2.73 8.40
tt 1.3 38 2.62 - it
0.302 1.5 27 3.72 10.54
ft 2.3 36 2.79 If
0.372 1.1 23 4.34 13, ao
tt 2.1 25 4.00 tt
29.8°C.
0.046 0.9 224 0.45 2 .09
it 1.4 244 0.41
ttfl
0.058 1.3 224 0.45 2.53
n 1.5 263 . 38 ft
0.093 1.1 98 1.02 3.94
ft 1.6 98 1.02
ttft
0.116 1.1 110 0.91 4.91
it 1.6 124 0.81 tt
0.151 1.1 44 2.27 6,20
it 1.4 49 2.02 tt
0.232 1.1 25 4.00 9.32
N 2.0 36 2.78 tt

TABLE T Continued.
Normal Weight Survival Velocity of Relati
LiCl of fish time of fatality conduc
29 JffZ . in fish in 100/t
grams minutes
§,267 1.2 19 5.26 10.30
II 1.4 16 6.25
0.302 1.6 22 4.55 11.66
ft 2.0 36 2.78
0.337 1.1 14 7.14 12.70
IF 1.6 17 5.88 mw
0.372 1.3 17 5.88 li3. 71
HIf 2.3 18 5.56 Mft
0.488 1.3 10. 10.00 17.70
34.8 c.
0.046 1.4 17 5.88 2.32
1.7 50 2.00 II
0.058 1.3 33 3.63 2.79
• 1.3 41 2.42 fl
0.116 1.2 37 2.73 5.31
if 1.4 61 1.64 itff
0.232 1.1 10 10.00 10.45
f 1.3 15 6.67 ft
0.302 1.0 8 12.50 12.80
ft 1.9 8 12.50 ft
0.372 1.3 7 14.28 14.71
1.7 8 12.50 tt
f
54,
TABLE II
.
The ratio of increase in toxicity of lithium, chloride ' to
the goldfish^ Carassius carassius L., with an increase of 10
degrees centigrade, approximately.
Normal 4.0 to 4.0 to 11.8° to 15.1 to 20.0" to 25.3"
11.8 C. 15.1 C. 20.0° C. 25.3°C. 29 . 8* C
.
34.8°
0.046 2 # 32
U . \JO o 1 07J. . <j t 1 HQ 1 f>A
0.093 1.87
0.116 1.73 1.58 1.60 2.85 1.91 3.15
0.151 1.67
0.232 0.91 1.60 3.69 1.98 1.16 3.00
0.267 1.97
0.302 1.35 1.88 3.39 1.86 1.59 3.94
0.337 to* ^» MB 1 .97
0.372 1.08 1.05 1.73 3.20
0.488 1.04 1.24 3.50
Averages 1.35 1.66 27So 2"7oTT~ 27T5 4.67

TABLE HI
55.
The survival time and the Telocity pf fatality of the
blunt-nosed minnow, Pimephales notatus (Haf, , iii- sodium
chloride. Column 5 gives relative conductance.
il vl SIC* X ft \s JL J.1 C SlIT*v1 T.I 1 Velocity ofI vXVvJ, Vj vFX DaI oil vIiUXu vX f C-
of fish fcim^ of*VXJUv Ul fat.fil i trX ** V <•IX VJ
12.8°C. in fish in 100/t
gl CUUCft ml nil f ** <2114 11 1 Li U V7 t>
n 02*1 21 600* rfc. 005 1 .00
ft 21600* 0.005V/ * \J\J \J> ft
.05 2-2 480 0.20 1 .66
3-0 578 0.13 ft
0.10 2.1 1529 0.06 3.33
H 3.3 710 0.14 if
0.227 1.4 310 0.33 7.12
ft 1.9 236 0.42 ft
0.25 1.8 116 0.86 7.72
it 2.5 118 0.85 If
0.275 1.6 131 0.77 8 .48
« 1.7 131 0.77 m
0.302 2.4 111 0.90 9.22
it 2.4 100 1.00 «
.333 1.2 69 1.45 10.37
w 1.9 91 1.10 ft
17.8°C.
0.025
n
2.6 7920 0.01
-
0.93
H
0.05 2.0 5902 0.02 1.95
it 3.3 1742 0.66 «
0,10 1.6 4236 0.02 3.75
ft 2.4 21701 0.005 N
0.227 1.2 233 0.43 7.95
n 29Q(W €7 £7 33 ft
0.25 1.5 121 0.83 8.72
n 1.6 216 0,46 ft
0.275 1.5 108 0.93 9.51
n 1.6 87 1.16 «
0.302 1.7 61 1.64 10.37
n 1.7 61 1.64 ft
n 1.7 53 1.88 ft
n 0.9 40 2.50 ft
0.333 1.4 65 1.54 11.37
« 1.6 50 2.00 tt
Sgj8°Ci
0.025 1.8 8520^ 0.01 1.15
n
.
2^1
.
4920=*= 0.02 n
In this and following tahles the asterisk (* ) indicates that after
three days the temperature was raised to 18° to 20° C.

5C.;
TABLE III Continued.
J! yj I uldX Wt»i ffhtTf C JL ill V Qi) t*v"i valOUl Y X ¥ <* X VAlncltv of*
NaCl of fish time of fatality conductance
22.8°C. in fish in 100/t
grams minutes
A Aft 1 A 1 4400 002 2 1 fi
2 4 31 20 03 ff
10 1 8X « O 575 17 4 22x « fW<W
If 2 3 01 ft
227 2 2 69 1 45X . X xj 8 9<x
ft 2 4- 1 0fi 94 ff
1 4X • ^ 73 1-37A • W • 9-71Sr # ff X
j. • «p 73 1-37 ft
A 27 1 fi 2fi 3 85 10 56
N 1 8 36 2.77aw? 9 9 ft
n 302 1 fi 23 4.35 1 1 51XX 4 wX
ft 1 fiX . o 23 4 35 ft
0.333 1.8 24 4.17 12.63
2.2 19 5.27 ft
27.8°C.
1 fiX . o 1 4.00 07 1 23
tt 2 T TO 21 ff
O 05 1 7x . t 1400i 0-07 2 42
ft
*i fi 480^T 21 ft
10 1 5X » 166 0-60 4.63^x • V W
• 1 RX . o 1 23 0-81v | U x ft
O 227 1 9X • C7 50 2-009*0 WW 9 76\w # ff w
ft 1 QX . £7 53 1 80 ft
25 1 fix • w 40 2 - 50 10-66JlV ffVW
ft 2 A 14 2 94 ft
O 27^ 1 7x . r 34 2-94 11-60X X 0> Wr
ft 2 34 2-94 ft
O ^02 1 5X « u 14J- * 7-15 12 70
ff 1 fiX « o 18 5-55 n
0.333 2.0 10 10.00 13.94
ft 2.5 17 5.89 ft
32.8°C.
2 O 64 1-56 1-37JL XJ 9
ft 9 4. 64 1 - 53X « fjU ft
ft 1 fi 1 29 77 ft
ft 1 7x • r 54 1 -85 ft
u • uo 44 2 27 2 62
ft 44 2 .27 tt
ft 1 fiJ. . o 129X #W «7 0-77\J 9 9 tt
ft 2 4 102 0-98 tt
0.10 2.0 54 1.85 5.03
tt 2.3 138 0.72 tt

TABLE TV.
The survival time and the velocity of fatality of the
blunt-nosed minnow, Pimepliales notatus (Rafinesque), in magnes
ium chloride. Column 5 gives relative conductance.
Normal Weight Survival Velocity of Relative
MgCl2 of fish time of fatality conductance
12.8" C* in fish in 100/t
grams minutes
0.025 1.6 840* 0.12 0.85
it 2.5 7860* 0.01 n
u .uo o o f O -L^x " w 1 Afl-I . OU
J
. O ft
2 1 vxuw 0.02 3 Of?
ft 2.3 23640* .004 ft
0.227 1.7 86 1.16 6.36
« 1.9 78 1.28 «
0.25 2.0 105 0.95 6.91
« 3.5 112 0.89 ft
0.275 1.6 115 0.87 7.49
0.302 1.6 72 1.39 8.12
it 1.9 53 1.89 m
0.333 1.5 69 1.43 8.94
n 1.7 100 1.00 it
17.8*C.
.025 2.1 16560** 0.006 0.98
M 2.5 27360** 0.003 0.98
0.05 2,4 28800** 0|063 1 .82
2ftfi00** (i . oon it
0.10 1 18J. 4 O i02 3 44%0 • XX
ft
d « O lOUUU U • UUO ft
• <227 1.5 17 J U . Do f . 00
n 1 Q 99*J £7 1 01 ft
0.25 1.6 114 0.88 7.85
it 1.7 78 1.28 «
0.275 0.6 56 1.79 8.44
n 3.0 74 1.35 «
0.302 0.6 57 1.75 9.29
n 3.7 65 1.54 - n
0.333 0.9 40 2.50 10.12
n 1.7 53 1.89 «
22.8°C.
0.025 1.8 4800 0.02 1.05
n 2.0 6200^=- 0.016 n
0.05 2;5 3120^r 0.03 2.08
« 2.6 3120^ 0.03 w
0.10 2.7 leo^ 0.62 3.84

TABLE TVX X) XJ i_J X V
Normal Weight Survival Velocity of Relative
MgCl2 of fish time of fatality conductancepp o« p in I X3U XII 1 on /*
|LJ ciiiio
A PPT* 101 ft QQ ft 22
It 1 Q OCT 1 1 PX • x«& ft
n p<» 1 7 71 1 17X
. O < ft fl^
ft X . i* iyo 1 17X « O « ft
n P7^ 1 8X . O 41 2 11 Q 1A
ft 1 ftx . o R1O X 1 QA ft
0.302 1.6 35 2.86 10.30
m 1.8 35 2.86 tt
0.333 1.7 32 3.12 11.75
ft 1.8 44 2.25 tt
P7 Q<> p
ft np^ 1 7ftQ ft ftfi 1 17X
. X '
tt P 1 PSftftfcOOU ft ftl 1^ ft
r\ asu .uo 1 oX . o / oo ft ftIR 2 PO
- ft P ft a.r ft -h ft P1 ft
U . XU x #o R1 Aoxo ft 1 Oft 4 PP
ft 1 7 1 2ftX *C ft ftl\J . O O ft
n 2P7 1 <J ft2 1 Q2 ft 74
ft 2 1<a . x 7ft 1 41 - If
ft PR 1 7X . f 1 Axo Q Aft
ft 1 7X . f 4ft 2 Rft ft
ft P7R 1 ftX . «J 14o** 2 Q4 1 ft 27
tt 1 aX . o 1 ft fi Aft
~ -• ft
0.302 liS 23 4.35 12,70
tt 1.8 27 3.70 n
0.333 2.0 12 8.39 12;12
tt 2.1 25 4.00 tt
op o»n
ft ft*»" 1 QX.J* 1 aa ft Aft\J « OVJ 2 47
If 1 ftX . o 4ft P Rft ft
ft O A. *2 1 Q1 tt
tt O fi ll/O ft QJ. ft
ft ftptl p ft AA 1 3ft 1 29
ft O Qo . o 11ftXXv ft Qft tt
ft 3 4 1-96 ft
ft 3.5 6 16.66 ft
0.10 2.0 37 2.70
ft 2.0 108 0.93

on.
TABLE V.
The survival time and the velocity of fatality of the
blunt-nosed minnow
,
Pimephales notatus Haf
,
in r.alMnm
chloride. Column 5 gives relative conductance.
Normal Weight Survival Velocity of Relative
CaClo of fish time of fatality condictance
12.8°C. in fish in 100/t
grams minutes
0.025 2.5 15600*±. 0.006 0.899
w 3.1 15600*=^ 0.006 ti
0.05
ft
2.6 10560* 0.009 1.64
H
0.10 3.7 4311 0.02 3.00
ff 7120-=fe" 0.01 K
0.227 1.6 351 0.28 6.51
n 3.0 1071 0.09 if
0.25 1.9 118 0.86 7.05
0.275 2.0 90 1.11 7.38
ft 3.0 75 1.34 ff
. 302 1.0 66 1.52 8.51
N 3.5 87 1.15 tt
0.333 1.6 86 1.16 9.22
it 1.9 58 1.72 M
17.8° C.
.025 2.3 6660** 0.015 0.98 r
3.3 6900**^ 0.014 ti
0.05 2.5 9360** 0.011 1.84
ff 2.6 5040** 0.02 it
0.10 1.7 4490 0.02 3.53
ft 2.5 4430 0.02 it
0.227 1.5 158 0.63 7.34
ff 2.0 293 0.34 tt
0.25 1.5 202 0.49 8.01
ft 1.9 117 0.85 ft
0.275 1.3 56 1.79 8.53
ti 1.7 65 1 .54 tt
1 3 61 1 fi4 9.48
ff 53 1 .89 ft
1 9 <c . JU
ff 1 5 32 3 . 13 ti
0.025 2.3 2580 0.04 1.14
it 2.6 7920 =t 0.01 tt
0.05 2.2 5760-i 0.027
2.3 1600^ 0.06
0.10 2.1 1140^ 0.08 3.83
ff 2.3 5915 0.016 tt
0.227 1.8 73 1.37 7.85
ti 2.1 73 1.37 tt

TABLE V Continued.
a onuai if eignt survival VCIOCIIT Ol
OI I X9U bXIIlC; Ul fatal -ifv conductance
xn i lsii xn 1 an /+±\J\J/
orMom €3gpaics» mlllut es
1 9x . o 79 1 9Q « 09
J- • O O X 1 99X . Aw n
0.275 1.5 55 1.82 9.52
1.8 52 1.89 tf
0.302 2.0 30 3.33 10.60
N 2.3 47 2.13 n
n 333 1 3x . a 32 3 13
« 1 QX
.
28
A 09^p . 'J/CO 1 Q 9finn v . \j00 1 1
Q
X . XC7
i 9 9A . A «ou n 17 ff
9 n rO vJ T 21 2 2Q
tt 1 ftX . o i9nn -±r ft
ft 9 1 1 2nnifc a orVf • I/O ff
1 A tOl/^™ n 91aAX ft
U . 1U 9 rtA • U n /in A on
If 9 9
<* , O X J. UVJ ft
1 ftX . o OU 1 88X . OO
9 9 9 C\A.
<£ . 1/4 ft
n 9«» 1 9x « A <5 . Ol/
9 «
<i . O oft 9 OA «
0.275 1.7 34 2.94 11.60
N 2.0 34 2.94 - it
0.302 1.5 14 7.15 12.93
it 1.8 18 5.55 n
n 999 9 n 1 fiXV/ 1 n onX<J . tfly 1 9 Q4.
• 17 5 89 ft
32 8°n
1 8 84 1 1
Q
X . X «7 1 32
If
J- . o siX 1 23X « Ad tt
1 2 O 84 1 .58 tt
N 9 4.8 2 17 tt
X . f 88 1 ^l 2-51•ft* # KM X
ft R4.Orr 1 1if *9 tt
tf 1 8x
. o 96 It. 04 ft
ft 2.0 87 1.15 ft
0.10 1.7 49 2.04 4.49
ff 2.2 179 0.56 it
0.227 1.6 37 2.70 9.54
ti 1.7 51 1.96 tt

TABLE VT.
The survival time and the velocity of fatality of the
blunt-nosed minnow, Pimephales notatus Raf
; f
in barium
chloride. Column 5 gives relative conductance.
Normal Weight Survival Velocity of Rela
BaClo of fish tim* of fatality condi
12.8°C. in fish in 100/t
grams minutes
0.025 520#T 0.19 0.82
w 520rt 0.19 n
0.05 2.1 86 1.16 1.61
« 2.2 120 0.83 it
0.10 2.0 54 1.85 3.01
ft 2.0 54 1.85 N
rt 227 1X . ZJ 31Kj X 3 23 fi 37U«<)f
ft 2.3 36 2.78 ft
25 2 35 1 .90 6 98
« 3.5 37 1.82 ft
0.275 1.5 33 2.20 7.64
m 1.7 33 2.20 n
0.302 1.8 26 2.57 8.30
w 1.8 26 2.57 m
0.333 1.6 20 4.50 9.07
ft 1.9 23 4.35 «
17.8°C.
0.025 0.9 135 0.74 0.95
it 3.4 135 0.74 n
0.05 1.1 107 0.93 1.81
it 1.2 96 1.04 n
14J.* 7 14 7 23# Ml/
ft 2.0 32 3.13 ft
ft OR u • o 1
Q
X«7 r. pfl 7 RR
ft 4.2 22 4.55 ft
21 4 77 ft ^1O • *i X
ft 4.2 17 5.88 ft
0.302 0.6 17 5.88 9.34
n 0.6 17 5.88 it
0.333 0.5 6 16.66
n 2.7 14 7.14 •
22.8*C.
0.025
n
2.2 420±- 0.24 1.09
0.05 1.5 69 1.45 2.18
ft 2.2 69 1.45 n
N 2.3 71 1.41 n
ft 3.0 40 2.50 it
0.10 1.4 32 3.13 3.82
ft 2.3 38 2.63 «

!2.
TABLE VI Continued.
Normal Weight Survival Velocity of Relative
BaClo of fish time of fatality conductance
22.8°C. in fish in 100/t
grams minutes
0,227 1.6 13 7.69 7.99
it 1.7 13 7.69 M
0.25 1.5 11 9.09 8.65
n 2.0 11 9.09 it
0.275 2.2 9 11.10 9.38
ii 2.3 8 12.50 ii
302 2.0 10 10.00 10-36
m 2.3 10 10.00 it
.333 1.8 10 10.00 11 .27
it 2.3 7 7.43 M
27.8 P C.
0.025 2.6 73 1.37 1.18
M 3.3 42 2.38 It
0.05 2.2 3<h* 2.56 2.21
ti 3.4 39^ 2.56 tt
0.10 2.0 7.5 13.35 4.22
n 3.5 6.5 15.39 f
0.227 2.2 6.5 15.38 8.81
2.2 6.5 15.38 a
0.25 2.2 5.5 18.19 9.62
n 3.5 5.5 18.91 N
0.275 2.0 4.5 22.22
N 2.0 7.5 13.35 Ittj
0.302 2.1 4.5 22.22 11.43
m 2.3 4.5 22.22 tt
0.333 1.5 3.5 28.59 12.37
ft 1.6 3.5 28.59 tt
32.8°C.
0.025 1.5 20 5.00 1.30
ii 2.0 13 7.69 it
0.05 1.6 50 2.0® 5.30
« 1.7 11 9.09 N

TABLE VII. 63.
The ratio of increase in toxicity oi* electrolytes to
the blunt-nosed minnow, Pimephales notatus Hal'., ith
an increase of 10 degree sT centigrade
•
Substance Noraml 12.8° to 17.8° to 22.8" to
22.8 C C. 27,8*C. 32.8* C.
NaCl 0.025 3.22 4.2 86.5
N 0.05 0.17 4.05 110.0
N 0,10 0.26 8.96 46.1
It 0.227 3.25 5.16
It 0.25 1.56 4.56 _
If 0.275 3.61 3.41
ft If 0.302 4.58 2.99
If 0.333 3.72 4.26
2.55 4.69 80.86 Averages.
CaClo 0.025 2.99 4.02 7.59
0.05 2.87 8.56 9.49
tf 0.10 1.62 6.62 3.35
H 0.227 9.67* 4.14 1.76
If 0.25 1.55 2.32
II 0.275 1.54 1.79
N 0.302 2.08 3.57
ft 0.333 2.76 2.63
3.13 |#2d 5 t&S Averages
.
2,20 Average
.
BaClp
if
0.025 1.24 2.34 25.4
0.05 1.67 2.60 2.03
it 0.10 1.55
it 0.227 2.57 3.50
it 0.25 3.27 3.73
tt 0.275 3.88 5.17*
H
« 0.302 2.60 3.77 «._»*«.
If 0.333 2.53 2.85
2.8T 3 Jti 13.71 Averages.
3.14 Average
MgClo 0.025 0.87 9.59* 94.8
«
*
0.05 1.78 17.75* 34.2
tt 0.10 93.60* 3.20 2.2
tt 0.228 0.86 2.24
tt 0.25 1.47 3.43
ti 0.275 2.44 2.38
N 0.302 1.78 2.41
tt 0.333 2.22 2.51m IW Averages1.63
The ratios marked with an asterisk (*) have been omitted in the
second set of averages.
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TABLE VIII.
The relative conductance of NaCl, CaCl2 , BaCl2 , and MgCl 2 .
Substance Normal 12.8°C. 17.8° C. 22.8* C. 27.8° C. 32. 8 d C.
NaCl 0.025 0.91 1.00 1.15 1.23 1. 37
CaCl2
tt 0.90 0.985 1.14 1.19 1. 37
BaCl2
tt 0.82 0.95 lf09 1.18 1. 30
MgCl2
ft 0.85 0.98 1.05 1.17 1. 29
NaCl 0.05 1.66 1.95 2.18 2.42 2. 62
CaClo it 1.64 1.84 2.29 2. 51
BaElo tf 1.61 1.81 2.18 2.21 2. 47
MgCl2
II 1.60 1.82 2.04 2.23 2. 47
NaCl 0.10 3.33 3.75 4.22 4.63 5. 03
CaCl2
tt 3.00 3.53 3.83 4.29 4. 60
BaClo If 3.01 3.82 4.22
MgCl 2
ft 3.06 3.44 3.84 4.22
NaCl 0.227 7.12 7.95 8.95 9.76 _ _
CaCl 2
tt 6.51 7.34 7.85 8.80 —
BaCl 2 6.37 7.23 7.99 8.81 - -—
MgCl2 0.
" 6.36 7.33 8.00 8.74 _ — _ _
NaCl 0.25 7,72 8.72 9.71 10.66 ——
CaCl2
it 7.05 8.01 8.92 9.83 mm*. mm**
BaCl2
w 6.98 7.88 8.65 9.62 _ _ _—
MgCl2
n 6.90 7.85 8.00 9.48 mmmm
NaCl 0.275 8.48 9.51 10.66 11.60 _ _
CaClo it 7.38 8.53 9.52 11.60 —. mm
Baci2
tt 7.64 8.51 9.38
MgCl2 ft 8.44 9.36 10.27
NaCl 0.302 10.37 11.51 12.93
CaCl
BaCl2
N 8.51 9.48 10.60 12.93
II 8.30 9.34 10.36 12.37
MgCl2
ft 8.12 9.29 10.30 11.30
NaCl 0.333 10.37 11.37 12.63 13.94
CaCl2
it 9.22 10.50 13.94
BaCl2
tt 9.07 11 .27
MgCl2
tt 8.94 10.12 11.30 12.12
(
TABLE fX
The survival time and the velocity of fatality of the
blunt-nosed minnow, Pimephales notatus Raf j , in ammon-
ium chloride.
Normal
NH4CI
14.2°C.
0.00505
0.00555
0.00606
ft
0.00656
it
0.00707
tt
0.00757
H
0.00808
M
0.00858
ft
0.00909
tt
0.00959
it
0.0101
tt
0.0111
II
0.0121
tt
0.0137
it
0.0151
tt
0.0171
tt
0.0192
N
0.0242
tt
0.0303
tt
0.0374
it
0.0464
it
0.0525
tt
Weight Survival
of fish time of
in Fish in
grams minutes
After 30000 minutes,
tt « tt
4.4
After
3.0
3.0
2.4
o o
~. .
c.
2.5
2.8
2.8
2.8
2.7
2.7
2.4
3.5
2.9
3.6
2.7
3.0
2.7
4.4
2.9
3,2
2.8
2.7
3.2
2.7
3.0
2.7
2.7
2.4
3.0
2.0
2.8
2.1
2.5
2.5
2.8
2.4
2.6
2.4
2.4
7000±r
30000 minutes.
6580*
7200*
11520*
244003T
10320*
7200*
10300.1:
10580*
7980*
9240*
28600*
5040*.
6480*
6480-*:
2580*
2880*
5700*
8640:*
4320*
4080*
420*
2520*
4020*
2460*
3439
1399
3600*
1367
2160
802
727
211
521
117
106
76
102
90
95
Velocity of
fatality
100/t
Experiment discontinued. Fish alive.
it tt
tt tt
0.014
Experiment discontinued. Fish alive.-
0.015
0.014
0.008
0.001
0#009
0.014
0.009
0.009
0.012
0.011
0.003
0.02
0.014
0.014
0.038
0.0C4
0.017
0.011
0.023
0.024
0.23
0.04
0.025
0.04
0.029
0.07
0.02
0.07
0.046
0.12
0.14
0.47
0.19
0.85
0.94
1,32
0.98
1.11
1.05

TABLE IX Contined
Normal Weight Survival Velocity of
NH4CI of fish time of fatality
14.2°C. in fish in 100/t
grains minutes
0.0616 2.0 60 1.66
i 2.6 101 0.99
0.0787 2.0 58 1.72
it 2.0 58 1.72
0.092 2.7 68 1.47
it 3.0 65 1.54

TABLE X.
The survival time and the velocity of fatality of the
blunt-nosed minnow, Pimephales notatus Raf., ir> amnion*
ium chloride.
n orraax • Vfi'l rrVi iw eign
t
ourviva x v eiocity
JNH/JLf 1
•1 O c 6 r<
OI I 1 SI1 lime oi I aiaj.il
in iisn in 1 AA /+lttU/ L
grams minuies
U • tH'o / UUU—A— A A 1 A
tt 1 A1 .O k -I AA ""fc A A 1 Qu«uiy
a nnfi k 1 OAA . U ^ly A yt AU • 4U
w O A
<£ . U ~ O 1 A OAU • OO
9 A A /I AU • 4U
N O A O/l A A OO
V • UU7o 1 /I1.4 /I 1 A A4X4U A AOyi
tt
1 .6 6085 .016
a nnoi l ,y jy r A ' OK
M O • A a on
A flfiCf 1 • O1 . O Ok co A AOO
N 9 O JODO —*— A AOQ
u • uuy
1
O A 1 CO A • OOu • oy
ff O 1
<C « X A
a aaoc i . y OROAOS A OOu • oy
N o n A °A
a ni niU ,U1UI i • * A AO
ft
0.0111
1 Q d-d.'? fl ' OOyJ
.
J-
.
/ OAK A ^ 1U . 4X
ft O f\
<6 • U X 0<s- A o oU . fcO
a a 1 o 1 X . f OAQ A Of?U . O *
it o 1 A Afi
A A 1 Qfi O 1 1 1 -iA ""fc A AG
If o o& oiron -+»<£ / OO A fiAU . U4
A (11 K1 1 /i1.4 AOA A OO
1 1 Qi . y AOAiou A OO
a ni nou • uiyis • 1 Qi .y 0<7A A Oi?U « O T
If O A 1 0*9Xo/ a r>oU . # o
f\ An in
«0^4<s 1 .6 OA O41} o (j • 4y
N i . ( OOAOoO A OAU . Oil
a aoao
J- . o 1 OAX OO
ft 1 Qx . f O .
0.0374 ' 1.9 171 0.58
if 2.0 171 0.58
0.0464 2.0 69 1.45
w 2.0 70 1.42
0.0525 1.7 49 2.Q2
tt 1.9 60 1.66
0.0616 1.8 48 2.08
tt 1.8 49 2.02
0.0787 1.4 45 2.22
it 2.2 45 2.22

The survival
"blunt-nosed minnow,
ium chloride.
Normal Weight
NH4CI of fish
24.9°C. in
grants
0.006 2.0
N 2 n
0.0065 1.6
w 2.8
0.0071 2.4
N 3.1
0.0076 1.6
it 3.6
0.0081 2.0
N 2.0
0.0086
N
1.8
0.0091 1.8
w 2.2
0.0096 2.2
n 2.2
.0101 1.9
ft 2.0
.0111 1 .9
f) 2.1
1.5
If 2.1
0.0137 2.3
n 2.3
0.0151 1.7
it 3.2
0.0171 2.0
m 2.1
0.0192 1.8
N 2.9
0.0242 1.5
n 2|8
0.0303 1.9
n 2.0
0.0374 1.7
n 1.8
0.0464 1.8
11 1.8
0.0525 1.8
n 1.8
0.0616 1.6
n 1.9
0.0787 1.7
N 1.7
TABLE XT
.
time and the velocity of
Pimephales notatus Haf.y
Survival Velocity of
time of fatality
fish in 100/t
minutes
mm ft519 jfc 0.19
2709 -t 0.04
519^tl 0.19
2709^ 0.04
4020 0.02
279 0.36
279 0.36
00/2dob • do
000
«• (Co
O HQ
1 1 Qfi ftfi
1 fift7 n or
U vj n 04.v/ . yj'x
1 67XV}/ ^9
258
n 3Q
5f*0v/ Uv 19KJ 4 J- KS
297 n 4.4.
04
<s69 . 37
"1 CO1 .69
loo 0.54
0.42
143 0.70
139 0.72
174 0.57
400 0.25
169 0.59
110 0.91
131 0.76
116 0.85
62 1.61
86 1.16
47 2.12
47 2.12
46 2.17
59 1.69
30 3.33
47 2.12
26 3.85
28 3.57
26 3.86
29 3.45
68.
fatality of the
in amnion-

TABLE XII.
The survival time and the velocity of fatality of the
straw-colored minnow, Rotropis blennius Gir
,
, in ammonium
chloride. Column 5 gives relative conductance.
Normal Weight Survival
NH4CI of fish time of
15.5" C. in fish in
grams minutes
0.0084 7200
0.017 1.3 860^
it 1.3 860-X:
u 602
0.034 1 .2 190
it 1.4 241
n 241
u
—
—
321
0.050 1.2 190
itft 1.4 160
0.067 1.4 122
fl 1.5 300
0.073 0.8 75
1 1.1 91
0.100 0.9 64
ff 1.0 56
ff 1.2 57
ff 1.6 65
0.135 1.0 37
tf 1.0 41
ft 1.1 37
tf 1.3 41
0.168 1.0 25
ft 1.1 25
tf 1.2 40
tf 1.3 40
0.202 1.5 ' 40
n 1.5 39
, <c35 1.0 18
1.1 IB
.252 1 .6 lo
a 2.2 18
0.269 1.0 18
tt 1.2 18
tt 1.2 17
tt 1.5 17
0.336 0.7 9
tt 1.0 9
tt 1.4 17
tt 1.5 17
0.404 0.9 8
tt
0.470 1:8 §
tt 1.2 8
Velocity of Relative
fatality Conductance
100/t
0.01 .03
0.12 0.07
0. 12 tt
0. 17 tt
0.53 0.15
0.41 IT
0.41 ff
0.31 ftft
0.53 0.21
0.63 tt
0.82 0.27
0.33 ft
1.33 0.30
1.10 tt
1.56 0.40
1.78 tt
1.75 tt
1.54 tt
2.70 0.55
2.44 It
2.70 w
2.44 itff
4.00 0.70
4.00 ttft
2.50 ftif
2.50 ff
2 -50 0*77
2.56 «
3.26 0,85
5,56 a
6.25 0.96
5.56 tt
5.56 1.07
5.56 tt
5.89 it
5.89 n
11.11 1.35
11.11 ft
5.89 it
5.89 tt
12.50 1.45
IhU 1.82
12.50 tt
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TABLE XTTT.
The survival time and the velocity of fatality of the
straw-colored minnow, Notropis blennius Gir. , in ammonium
chloride.
Normal
NH4C1
19.8*C,
0.001
i
0.0015
N
0.Q02
i
0.003
0.004
H
0.005
m
0.007B
N
0.012
M
0.015
«
0.019
N
0.024
0.030
n
0.037
N
0.046
0.0|3
0.062
0.079
N
0.101
N
0.126
0.161
N
0.202
M
0.2§2
0.303
i
0.353
N
Weight
of fish
in
grams
?
•
?
?
2.1
?
2.8
2.8
3.4
?
?
?
4^2
?
1.0
3.2
1.6
1.6
2.7
3.1
0.7
1.8
1.2
1.1
0.6
1.2
0.8
1.3
1.3
2.2
1.8
2.3
1.3
2.2
0.6
1.3
1.2
1.5
1.3
2.3
0.9
2.6
1.1
1.1
Survival
time of
fish in
minutes
Alive after
w «
it it
6120
Alive after*
6420
6420
6420
30240 :£
187203=
18720^
6240
28800
907
387
131
216
141
96
431
101
62
56
64
52
123
Velocity of
fatality
100/t
50500 minutes. ExptNUN
53
47
33
25
39
32
32
20
29
18
M
2B
11
12
8
8
0.016
50500 minutes. Expt
0.015
0.015
0.015
0.008
0.006
0.006
0.016
0.003
0.113
0.26
0.76
0.46
0.71
1.04
0.23
0.99
1.61
1.80
1.56
1.92
0.81
1.72
1.26
1.85
2.38
3.03
4.00
2.57
3.13
3.13
5.00
3.45
5.56
§:!§
5.00
9.09
8.66
12.50
12.50
discontinued.
N
ii
N
discontinued.

TABLE XIII Continued.
Normal Weight Survival Velocity of
NH CI of fish time of fatality
1978* C. in fish in 100/t
grams minutes
0.404 0.9 7 14.28
2.3 7 14.28
0.505 0.9 3 33.33
It H 1.5 5 20.00
0.555 0.7 2 50.00
N 2.2 3 33.33
0.606 1.1 2 50.00
N 1.1 2 50.00

TABLE XIV.
The Qj of toxicity of lithium chloride to goldfish.
The calculations are based upon the temperature toxicity
curve of lithium chloride to goldfish. Figure 12.
LCilijJCi ctiit&i to
4° to 14° 1.39
6° to 16" 1.47
8* to 18° 1.53
10° to 20* 1.59
12° to 22° 1.64
14° to 24" 1.66
16° to 26° 1.67
18° to 28° 1.70
20° to 30° 1.75
22" to 32* 1.90
24° to 34° 2.23

73
TABLE XV.
Table showing the ratio of the square root of the
temperature standard metabolism curve of vertebrates as given
by Krogh (1914c ) to the temperature toxicity curve of lith-
ium chloride of the goldfish.
Temperature Ratio
Centigrade
4° 1.80
6° 1.89
8° 1.72
10° 1.66
12° 1.56
14° 1.55
16° 1.55
18* 1.55
20° 1.58
22° 1.63
24° 1.64
26° 1.71
28" 1.71

TABLE XVI. 74
Temperature coefficient of the duration of life of
Imagoes Males and females fed on ff glucose-agarw
.
Temperature Duration of life Rate(l?2) <*10
of imago
20th to 32nd gen-
eration.
C. Days
10° 120.5 0.83
15°
1 .70
92.
1
1.08
5.25
on20 40.2 6 ,49
1.09
25* 28.5 3.51 •
4.4
30° 13.6 7.35
30th to 32nd gen-
eration
27.5* 11.1 9.00
3.3
31.5° 6.87 14.55
630
33.1° 2.41 41.50
137
35 ° 0.95 105.2
106
37.5° 0.032 3, 125.0
Table X.
Total duration of life
TEMPERATURE Total duration of life ,100,Rate(-"t—
)
<*10
C. Days
15° 123.9 0.81 5,0
20°
25°
30°
54.3
38.5
21.15
1 .84
2.67
4.65
3.0
3.0

TABLE XVII.
This table is made up of two tables taken from Lillie
(1917 ). The two tables were formulated by Lillie from data
which he obtained by determining the time of exposure required by
starfish eggs to 0.006 N. butyric acid to activate them at
different temperatures.
Table II.
Group A. (Jim E 9-12).
Number and
uat>e or
series
Temperature of
solution and
optimum ex-
posure
Mean
optimum
Value of Q1Q
-
. j une ~» 8°
18'
: 35-40 min.
: 9-12 min.
37.5 m.
10.5 m.
3.55
6. June 12 8°
10°
: 36-40 min.
: 32-36 min.
38 M.
34 m.
1.75
3. June 9 10°
12°
: 26-30 min.
j 22—26 min.
28 m.
24 m.
2.2
4. June 10
14°
16°
18*
: 22-24 min.
: 18-20 min.
:ca.l4 min.
23 m.
19 m.
14 m.
2.6
4.65
7. June 12
20°
22°
24°
9 min.
: 6- 7 min.
: 4 min.
9 m.
6.5 m.
4 m.
5.0
11.6
Group B. (June 22-26 )
.
23. June 26 8" !
10°
!
'21-21 min.
18-21 min.
22.5 m.
19.5 m.
2.0
22. June 26
12*
i
14*
:
16°
:
8-14 min.
8-10 min.
6- 8 min.
11 m.
9 m.
7 m.
2.7
3.55
21. June 24
18"
:
20*
:
22°
:
24*
:
5- 6 min.
3- 5 min.
2.5-3 min
.
1.5-2 min.
5.5
4 m.
2.75m.
1 .75m.
5.0
6.4
9.5
17. June 22 24" :
26" !
2 min.
1-1.5 min.
2 m.
1.25m.
10.5
20. June 24 26* :
28° :
ca. 1 min.
ca • . 5 min.
1 m.
.5 m.
32.0
Table III.
Interval
8*-10°
10" -12°
12° -14°
14° -16°
16° -18°
18' -29*
20° -22"
22° -24°
24* -26°
26' -28*
Values of Q^q
A. June 9-12. B. June 22-26.
1.75 2.0
2.2
2.7
2.6 3.55
4.65
5.0
5.0 6.4
11.6 9.5
10.5
32.0

TABLE XVI T
I
The survival time and the velocity of fatality of the
hlunt-nosed minnow, Pimephales notatus Raf • , when
killed in 0.297 N. calcium chloride to which different amount
of sodium chloride have "been adriod. Column one shows the nor-
mality of the sodium chloride in the 9.297*calcium chloride
solution.
Weifh
t
of* N»C1 of fish\J A. X -X.
20° C inX 11
X ctlli O
-00 1.2
It 1.6
1.8
ft 2.3
0.00036 2.0
ft 2.1
0.00074 1.7
« 1.7
0.00148 1.8
It 3.1
0.00297 1.4
tt 1.5
0.00594 1.6
it 2.0
0.0119 1.8
tt 1.9
0.0237G 1.5
tt 2.0
0.0445 1.7
tt 2.5
0.0817 1.4
tt 1.6
0.119 1.5
tt 1*6
0.156 1.3
tt 1.6
0.230 1.6
tt 2.2
iSurvi vaT Velocity
time of fatali
fish in 100 /t
minutesill
-I- 1 A l«4 v **—
*
35 2.86
61 1 .64
61 1 .64
61 1.64
53 1.88
53 1.88
62 1.61
68 1.47
34 2.94
31 3.22
70 1.42
50 2.00
65 1.54
52 1 .92
73 1.37
38 2.63
99 1.01
54 1.85
34 2.95
29 3.45
47 2.13
39 2.56
51 1.96
28 3.57
26 3.85
46 2.17
31 3.22
38 2.63

TABLE XIX
The survival time and the velocity of fatality of the
blunt-nosed minnow, Pimephales notatus Rai., when
killed in 0.297 N. sTJdium chloride to which different amounts
of calcium chloride Have been added. Column one shows the nor-
mality of the calcium chloride in the 0.297 N. sodium chloride
solution*
Normality Weight Survival Velocity
of CaClo of fish time of fatali
20° C. in fish in 100/t
grams minutes
0.000 1.5 50 2.00
ft 1.5 67 1.49
tt 1.7 41 2 « 44
tt 1.8 59 1.69
ft 2.2 65 1.54
n 2.9 48 2.08
0.00036 2.0 64 1.56
N 2.2 64 1.56
0.00074 1.7 84 1.19
1.8 55 1.82
0.00148 1.3 44 2.22
« 1.7 66 1.51
0.00297 1.6 57 1.75
tt 1.6 60 1.66
0.00594 1.7 66 1.51
m 1.8 78 1.28
0.0119 1.5 85 1.17
tt 1.8 78 1.28
0.0237 1.6 82 1.22
m
rf 2.3 111 0.90
0.0445 1.6 75 1.33
M
If 1.7 73 1.37
0.0817 1.6 54 1.85
It 1.7 68 1.46
0.119 1.6 59 1.69
tt 1.7 75 1.45
0.156 2.0 46 2.17
tt 2.0 55 1.82
0.193 1.6 33 3.03
tt 2.2 33 3.03
0.230 1.7 29 3.45
tt 2.2 22 4.55
0.267 Ht 20 5.00
tt 1.4 21 4.76
0.297 1.7 23 4.35
tt 1.7 20 5.00
tt 1.7 21 4.76
tt 1.8 20 5.00

Figure 1 . A Tycos recording thermometer record of the con-
stant temperature bath showing the variation in temperature, A
to B and C to D, when the inflow of hot and cold water is large
the flow of
and the slight variation in temperature whenAthe hot and cold
water is very small, E to F. The disk makes one complete revol-
ution every twenty four hours.

«Figure 2. Graph showing the velocity of fatality curve, CABG,
and the theoretical velocity of fatality curve, PABF, of the blunt-
nosed minnow (Pimephales notatus Raf • ) when killed in ammonium
chloride. LTJM is the survival time curve and HIJK is the theor-
etical survival time curve. Ordinate represents survival time in
minutes at left of figure and velocity of fatality at right of
figure. Abscissa represents concentration of ammonium chloride.
Cne block = 0.008 N. The plus signs (-f) represent survival time
of individual fish and the circles (X) represent the velocity of
fatality.

Minutes

Figure 3. Graph showing the velocity of fatality curve of
the straw-colored minnow, Notropis hlennius Gir., when killed
in a very large range of concentrations of ammonium chloride.
One block ordinate represents four units of velocity of fatality
and one block abscissa represents 0.03 N. ammonium chloride.
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1 2 3 4 5 6 7 8 1
'
] 1 1 12
^Iscu^e 4. Graoh showing the theoretical velocity of fatality
curve of he goldfish when killed in lithium chloride solution at
4° C. Ordinate represents velocity of fatality and abscissa repres-
ents concentration of the lithium chloride solution. One block ab-
scissa = 0.0333 X. lithium chloride. The circles (•) represent
velocity of fatality of individual fish.

Figure 5. Graph showing the theoretical velocity of fatality
curve of the goldfish when killed in lithium chloride solution at
11.8° C. Ordinate represents velocity of fatality and abscissa rep-
resents concentration of the lithium chloride. One block abscissa
a 0.0333 N. lithium chloride. The circles (•) represent velocity
of fatality of individual fish.
7^ ' W *

1 2 3 4 5 6 7 8 10 It 12
Figure G. Graph showing the theoretical velocity of fatality
curve of the goldfish when killed in lithium chloride solution at
15 1° C Ordinate represents velocity of fatality and abscissa
represents concentration of lithium chloride solution. One block
abscissa = 0.0333 N. lithium chloride. The circles (•) repres-
ent velocity of fatality of individual fish.

too
86.
11 12
Figure 7. Graph showing the theoretical velocity of fatality
curve of the goldfish when killed in lithium chloride solution at
^0* C. Ordinate rpresents velocitv of fatality and abscissa
represents concentration of the lithium chloride solution. One
block abscissa 0.0333 N. lithium chloride. The Circles (•) rep
resent velocity of fatality of individual fish.

100
87.
Figure 8. Graph showing the theoretical velocity of fatality
curve of the goldfish when killed in a lithium chloride solution
at 24 0* C Ordinate represents velocity of fatality and abscissa
represents concentration of the lithium chloride solution. One
block abscissa = 0.^333 N. lithium chloride. The Circles (•) rep-
resent velocity of fatality of individual fish.

1 23456780 19 11 12
Figure 0. Graph showing the theoretical velocity of fatality-
curve of the goldfish when killed in lithium chloride solution at
29.8° C. Ordinate represents velocity of fatality and abscissa
represents concentration of lithium chloride solution. One block
abscissa = 0.0330 N. lithium chloride. The circles (•) represent
velocity of fatality of individual fish.

100
Figure 10. Graph showing the theoretical velocity of fatality
curve of the goldfish when killed in lithium chloride solution at
31.8° C. Ordinate represents velocity of fatality and abscissa
represents concentration of the lithium chloride solution. One
block abscissa = 0.0333 N. lithium chloride. The circles (•) rep-
resent velocity of fatality of individual fish.

00.
Y 34. 8° C. 100
12 3 4 5 6.8 "t0 11 12
Figure 11. The theoretical velocity of fatality curves of the
goldfish when killed at different temperatures in lithium chloride
solution drawn for comparison. Ordinate represents velocity of fat
alifcy and abscissa represents concentration of the lithium chloride
solution. One block abscissa = 0.0333 N. lithium chloride.
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Figure 14. A graphic representation of the Q for tlie toxici-
ty of lithium chloride to goldfish. Ordinate represents the Q 1Q
and the abscissa represents the temperatures at which the Q1Q is
calculated
.

94,
122
Figure 15. Graph showing temperature metahaii
rio molitor chrysalids (data given hy K^ogh 1914
duration of life of the imago and, the relative to
life of Drosophila (data given "by Loeh and Northr
ate represents relative rate of metabolism of the
id/s and the relative reciprocals of the duration
imago and the total ruratlon of life of Drosophil
resents temperature. The circle-^represent data
chrysalict?. The Plus sign (4-) represents the re
duration of life of the imago and the crosses (X »
life of Drosophila.
sm curve or Tenets
c) with relative
tal duration of
op 1017). Ordin-
Tenchrio chrysal-
of life of the
a. Ahscissa rep-
tif the f«nehrio
ciprocal of the
that of the total
LUN 3
Rate
Figure 1G. Graph showing temperature metabllisra curve of Teneb -
rio molit or chrysalide (data given by Krogh 1011c) with relative
rate of activation of starfish eggs (data given by Lillie 1017)
superimposed. Ordinate represents relative rate and abscissa rep-
resents temperature. The circles (i) represent relative rate of
metabolism of the Tenebrio chrysalides. The plus sign (-f) repres-
ents relative rate of activation of Qroup B starfish eg.is Table
XVTI and the crosses (X) represent the relative rate of Group A.
H I
100
1 2 3 4 5 6 7 8 10 11 12 10
Figure 17. Graph showing the theoretical velocity of fatality
curve of the blunt-nosed minnow when killed in ammonium chloride
solution at 1A.2° C. Ordinate represents velocity of fatality and
abscissa represents concentration of the ammonium chloride solution.
One block abscissa - 0.005 N. ammonium chloride. The circles (•)
represent the velocity of fatality of individual fish.

Figure 18. Graph showing the theoretical velocity of fatal-
ity curve of the blunt-nosed minnow when killed in ammonium chlor-
ide solution at 19.8° C. Ordinate represents velocity of fatali-
ty and Abscissa represents the concentration of the ammonium chlor-
ide solution. One block abscissa = 0.005 N . ammonium chloride.
The circles (•) represent velocity of fatality of individual fish.

OS*
1 2 3 4 5 6 7 8 9 10 11 12 13
Figure 19. Graph showing the theoretical velocity of fatal-
ity curve of the blunt-nosed minnow when killed in ammonium chlor-
ide solution at 24. 9" C. Ordinate represents velocity of fatality
and abscissa represents the concentration of the ammonium chloride.
One block abscissa = 0.005 N. ammonium chloride. The circles ( •)
represent the velocity of fatality of individual fish.
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100.
Figure 21; Graph shows the velocity of fatality curves CABG
and 0^*6*0* and the theoretical velocity of fatality curves PABF
and P , A , B*F' of two hypothetical solutions one havng just one half
the toxic activity of the other. The two curves are graphic rep-
resentations of the data of experiments in which the "blunt-nosed
minnows were killed in different concentrations of ammonium chloride
at 19.8" C. Ordinate represents velocity of fatality. In curve
CABC one block abscissa = 0.008 N. ammonium chloride while in
curve C^A'B'G' one block = 0.01G N. ammonium chloride.

101
..
100
t
Figure ~2. Graph shows the velocity of fatality curves CABG
and CA'B'G* of two hypothetical solutions having the same thresh-
old of toxicity concentration for fish but the velocity of fatal-
ity of the fish in one being just twice as rapid as in the other.
The two curves are graphic representations of the data of exper-
iments in which the blunt-nosed minnows were killed in different
concentrations of ammonium chloride at 19.8° C. In botli curves
one block abscissa = 0.008 N. ammonium chloride. Four blocks
ordinate = one init of velocity of fatality in curve CABG. In
curve CS^B'G 1 eight blocks ordinate = one anit of velocity of
fatality of the fish.
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Edwin Booth Powers was "born at Ovilla, Texas, 1880.
His preparatory work was done in the Ovilla School. In 1902 he
entered Trinity University, Waxhachie
,
Texas, completing his college
course and taking the A. 3. degree in 1906. He spent the simmer of
1905 at the University of Chicago as an undergraduate. The second
and third year of his undergraduate course he was Assistant in
Chemistry and the fourth year Assistant in Biology. Luring the year
1906-1907 he was teacher of science in the Terrell High School, Ter-
rell, Texas. In the year 1907-1908 he was Principal of the Ovilla
School at Ovilla, Texas. He was Instructor of Biology at Trinity
University 1908-1910 and Professor of Biology 1910-1915 with leave
for 1912-1912. The summers of 1908, 1910, 1915, and 1915, the
last term of the summer of 1914, and the year 1912-1913 were spent
at the University of Chicago as graduate student and he took his A.M.
degree at that institution in June of 1915. During the most of his
stay at the University of Chicago he held a scolarship and was Assis-
tant in Zoology during the summer of 1913 and 1915. During the
summer of 1915 he was Research Assistant in Zoology at the Puget
Sound Biological Station. He spent the years 1915-1918 as graduate
student in the University of Illinois. The first year he wat^
Assistant in Zoology and the second year he was a Fellow in Pharma-
ceutical Research. During the summer of 1917 he was Entomological
Assistant in the Illinois State Natural History Survey. During the
academic year 1915-1916 he was elected to Sigman Xi. During the
period f graduate study he published the following papers:-
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The Reactions of Crayfishes to Gradients of Dissolved
Carbon Dioxide and Acetic and Hydrochloric Acids. Biol. Bull., 27:
177-200, 1914.
An Experimental Study of the Movements of Herring and
Other Marine Pishes. Biol. Bull., 28:315-334, 1915. (By Victor B,
Shelford and Edwin B. Powers.) »
A Collecting Bottle especially adapted for the Quanti-
tative and qualitative Determination of Dissolved Sases, particularly
very small Quantities of Oxygen. Bull. 111. State Lab. Nat. Hist.,
Vol. 11, Article 10, 1918.
The Goldfish (Carassius carassius L. ) as a test
Animal in the Study of Toxicity. 111. Biol. Mon. , Vol. 4, No. 2,
1918.
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